OXIDNTION BY ATMOSPHERIC OXIGEN

(AUTOXIDATION)

1S

Atmospheric oxygen is the most universally prevalemt as well as economi~-
cally importent oxidizing agent for fats and fatty acidse Its action on fats
end fatty products may be beneficial or deleterious dependiag on the conditions
and circumstances under which it occurs. It is advanteguously employed in the
production of blown oils and in various oxidation and polymer ization: products
in the drying oil industry. The process of film fcrmation in applied pro-
tective coatings-is essentially an oxidative prccesse The ultimete failure
of these sembp protective coatings, however;, is a result of p‘rolo:ged and ex~
cessive oxidetion. Rancidificetion aprd cother forms of deterioration of many
fats and fate-conteining materials nre iikewise due to atmospheric oxidetion.
These reactions are highly undesir.ble and result in serious economic losses.

So far as we are aware both the favorable and ;nfavorable results of
atmospheric oxidation follow from the same type of reactions between oxygen
and the unsaturated constituents of fats or fatty acids. Consequently an
enormous amount of effort has been expended in attempting to umravel the
mystery which has enshrouded the fundementel reactions involved in these
processes, A wvast litereture has appeared on the subject since about 1830
but it has Leen only within the past decade that a reasonably clear under-
.standing of the reaction mechanisms has appeareds

Becanse of the spontaneous nature of the reaction between atmospheric
ouygen and unsaturated fats and fatty acids, the process is frequently re-
ferred to as autcxidation. Without attempting to Justify this terminology,

4t is used here because of its convenlence and because it affards a means



of avoiding the repetitlious use of the cumbersome phrase "oxidation with
atmospheric oxygen,"

Light, heat, concentration of oxygen, moisture, and the presence of
catalysts or inhibitors affect the reaction between oxygen and unsaturated
fatty acids, often with seemingly very different resultss However, it is
probable that the same or very similar mechanisms are involved or would
ultimately be involved if the reaction process were permitted to rum its
course, It is sometimes difficult to evaluate the effect of & specific
environmental factor in the overell oxidation process because in most cases
several of these factors are simultaneously active. Of the several factors
which mey be operating, one may predominete under one set of conditions and
quite a different one under enothere For example, in a reletively thick
layer of fat or fatty acid maintained in a completely filled glass container
at room temperature and exposed to sunlight or ultraviolet 1ight, the absorbed
-radiant energy may be the predominent factor influencing the oxidation re-
action, and the temperature and concentration of oxygen may be quite secondary.
On the other hand, in the process of blowing oils the temperature and con~ -

- centration of oxygen are the predominant factors and the effect of light is
aeco;zdary.

Catalysts or inhibitors of various types may be added t0 ar may be present
naturaelly in fats and oils, thus markedly influencing the reection velocitye
For example, traces of copper accideﬁi:ally introduced in a fat or fatty acid
inorease the rate of oxidative rancidification. The addition of metal oxides
or metallic salts in the mamufacture of boiled oils accelerates the axidetion
end subsequent polymerizetion reactions in this process, end similar use of
these substances in protective coatings enhances their rate of drying end film

formations On the other hand, the presence of antioxidants acts to inhibit



these seme reactions.

In plenning end executing an investigation in the autoxidation of fats,
the careful warker attempts to minimize the number of variables which mey
affect the course of the reaction, or at 1e§st control them withiﬂ relatively
narrow limits. Thus, the effect of light may be avoided by excluding it
entirely from the reaction, or the effect of heat may be minimized by main-
teining a constant low'tempeiature in the reacting systema Unfor tunately
the literature conteins reporis of meny investigations in which little or
no control was exercised over the various environmental factors, or if they
were conmtrolled the author failed to mention ite In such cases it 1s often
difficult to evaluate the data reported or determine the validity of the con=~
clusions drawn by the investigator.

Underlying all investigations of the autoxidation of fats is a desire not
anly to learn the nature of the products formed but also to understand the
mechanisms involved in their production, since ohly by control of these
mechanisms cen the desired products be produced or the undesirable products
be avoidede Netural fats are generally too camplex to permit drawing far-
reaching generalizations oconcerning the mechanisms involved in autoxidative
processes. Hence, much work involving these reactions, especially during
the past twenty years, has been cerried out with simple substances such as
oleic, linoleic, or similar acids and their monoesters, because they cen be
obtained in pure form. Generalizations made on the basls of the results with
these simple substances have then been epplied to netural fatse In some cases
such generalizations may be valid but as in all cases of reasoning by analogy
they may not be entirely justifiede It should therefore be borne in mind that
applying the results and conclusions derived from one substrate, such as methyl

oleate at 100°C., to & quite different substrate, such as cottonseed or soybean



oil at room temperature, may not be entirely justifiede It is ¥mown, for ex~
ample, that peroxides are relatively unstable at or above 100°C., whereas at
room temperature they are relatively stable; therefore quite different end
products mey be produced under the two reaction conditionss. Of course, if the
time be sufficiently extended at the lower temperature the same end result
might ultimetely be achieved although it cennot be assumed thet this will be
the cases If these limitations are borne in mind, however, it is entirely
possible to proceed from the simple to the more camplex with reasonable pros-
pects of ultimately resolving the whole of the complicated phencmena involved
in the autoxidation of feats, |

be Modern Trends

Prior to about 1940 most investigetors studied the autoxidation of the
fats themselves. This approach not only introduced meny additional and com=
plicating reactions but it mede the intervretation of enalytical results
difficult, if not impossible. In addition, it soon became evident that some
analytical methods were not reliable when applied to autoxidation mixtures,
thus meking some of the early conclusions dubious. Furthermore, before 1940
modern instruments, such as ultraviolet and infrared spectrophotometers and
the polarogreph, eand e;ficient separation methods, such as urea complexing
techniques, countercurrent distributi on, chromatography, molecular and fractional
distillation, and low temperature crystallizetion, were either not generelly
aveilable or were incompletely developed.

Modern investigators not only availed themselves of new instruments amnd
separation techniques but they &also studied a large number of highly purified
model compoundse Many of these were not derived from fats but contained
structures kmown to be present in fats and in autoxidizing systemse The
autoxidation process was studied in detail kinetically end greater insight was

obtained into the phenomena of catelysis amd inhibition.



The large increase in activity in autoxidation has resulted in & flood
of publications. For the student who wishes more detail than can be given in
this chapter, same excellent reviews have been published recently on various
phases of the autoxidation process.1'13 (This is only a partial list)e

2. Development of the Concepts of Autoxidation

Any explenation of the process.of eutoxidetion must begin, as in ell
releted oxidation reactions, with an understanding of the nature of the first
reaction of oxygen with the double bond systeme Until this initiael step is
known with certainty the subseqnént steps of the process must remein more ov
less speculative. It‘is for this reason that every theary which has been
evolved with regard to the autoxidation of fats has been founded on some con=
cept concerning this initial reaction and upon the chemical nature of the
product thus formed.

e Cycllic Peroxide Theory

Although the autoxidation of fatty matericls had been studied over one
hundred years ago by De Saussurelh and by othersls’16 shortly thereafter, the
first observation of autoxidation of a carbometo-carbon double bond has been_
attéibuted to Schghbein17.who also investigated the reactions of a variety of
oxidizing agents with unsaturated substances, such as almond oil and turpentine,
The modern theories of autoxidation, however, are gemerally assumed to date
fram about 1900 with the work of Bach1® end of Engler and co=workersl921
vho investigated the role of organic peroxides in slow oxidation processes
end introduced the term "activated oxygen". Prior to these, ﬁolecular oxygen
was presumed to be broken down, at least to a small extent, into atamic oxygen
in & memmer eanalogous to the liberation of oxygen from hydrogen peroxide, and
that this "active oxygen" was presumed to be responsible far the slow oxidation

observed in various unsaturated organic substancese Bach end Engler, however,



belleved that autoxidation by atmospheric oxygen wes molecular and not atomic
in nature, that is, a molecule of oxygen added at the double bond to form a
peroxidized compound corresponding to the formula R « 0«0 =~ R2 and that

this campound, like hydrogen peroxide, could in turn oxidize another oxidizeble
substancee The "activated oxygen" was not considered to be & free oxygen atom
but was, rather, chemically bound in such a mammer that it could readily be
liberated to emter into autoxidative reéctions.

In an attempt to explain the action of driers in the formation of linsead
oil films, Fehrion™ end later Ellis? assumed that an autoxidation occourred
in the fatty acid part to fom a cyclic peroxide which underwent rearrangemaa’
to a dihydroxyethylenic or & hydroxyketo configuration as followss

Ry— CH —0 Ry— C—OH R)— CH — CH

e

« e <o

Ry — CH—-0 Ry~ C = OH R, —C =0

It was also presumed that the cyclic peroxide might give rise to more

stable products corresponding to the formules:

Ry COCH, R, 'e.nd’ R]_C\H 7CHR2
) 0
Staudingerzh proposed & theory of autoxidation based on the .assumption
thet the oxidation reaction originelly proposed by Bach and by Engler was
probably not the first but the second step in the emtoxidation of ethylenic
compounds. He assumed that & molecule of oxygen added at the ethylene bond
to form a moloxide, probably corresponding to formula I, which subsequently

underwent a rearrangement to form a cyclic peroxide, II:

R, CH-HCR,
1
\/
0 R)CH=HCR,
i .
0 0—0

(1) (11)



This theory was prediceted on an investigation of the autoxidation of asym=
diphenylethylene, (061-15)20 :CHy. Diphenylethylene peroxide was lisolated and
found to be relatively stable, whereas the product of first addition of oxygen,
which could not be isolated, was unstable and exploded when heated in a steel
bomb to j0=50°C, Subsequently, it was learned that the isoleble peroxide was
a polymer and not a cyclic peroxides

Although the mejority of workers in the field accepted, at least until very
recently, the theory of the formation of a heterocyclic peroxide of the formula
« CH = CH = as the primary step in the autoxidation process, all the evidenca

00

for the existence of such peroxides was indirect, é.nd no product containing
this grouping had evezl been isolated or identified from an oxidized fat or
fatty ecide The existence of cyclic fatty peroxides was assumed on the besis
of certain enalytical deta which were interpreted as substentiating the existence
of such structures in autoxidized unsaturated acidse These analyticael deter-
minetions included iodine, thiocyanogen, and diene values, total absorbed oxygen,
peroxide value, molecular weight, saponification, hydroxyl, and carbonyl values.
If the autoxidized acid or ester contained a single oxidation product only,
end the methods gave quentiteative end relieble results, the structure of the
primary eutoxidation product might have been dedjiced on the basis of these
data, at least for thé simpler unsaturated acidse As a general rule, however,
81l of these methods were applied to unfractionated, eutoxidized acids or
esters (and even to fats) in which oxidation haed proceeded to the point where
there existed in the reaction mixture & number of oxidation, degradation,
and polymerizetion productse Consequently, the interpretation of the enalytical
data was extremely complicatede Furthermore, the methods were not entirely
quantitetive or specific in their applicationm, especially in the presence of
the considerable number of oxidation and degradation products which existed in

the reacting system.



be Ethylene Oxide Theory
In 1909, Fokin®? proposed & theory in which the first step in the autoxi-

dation of an ethylenic bond was the formation of an ethylene oxide ring:

“CH=CH=-+120, —> ~CH=-CH-~
_ \.oi
Fatty acids or esters containing the ethylene oxide (oxirane) ring have also
been called epoxides, monoxides end oxido compounds. This structure is now
known to be formed during epoxidetion of umsaturated fatty materials with
perbenzolc, performic, peracetic and other peracids, and many of these purs
epoxy derivetives have been isolated and characterized.26’27 Although epoxy”
compounds have been isolated from autoxidetion mixtures ,23’28 it is doubtfu®
that they are primary pfoducts. Experimental work in support of the ethylens
oxide theory is the least extensive of any of the proposals, and it is no
longer seriously considered by investigators in the field of autoxidation.
ces Hydroperoxide Theory

Mach information regerding the mechenism of autoxidation of compounds

derived from fats has been obtained by studying the oxidatiom of simple, mono-

unsaturated, non-fatty canpounds; such as cyclohexene, v\hich can be prepared

readily in a high degree of purity, In 198, Stephens29 reported the isola-
tion of a peroxide of cyclohexene, C6H1°02 s which he ocbtained by treating
cyclohexene with axygen in daylight. He assumed, on the basis of the theories

of oxidation accepted at that time, that the product wes saturated:
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Further research, however, by Criegee and co»workers,,30'31 Hock32'55 and

notably by Fermer and Swa.drianl:'t,.r:tga,m‘_.36 established the fact that Stephens!
product was e hydroperoxide and that a double bond was present:

CH - (OOH)
/N
e
C CH
N

CH2

Tt was.also determined by Farmerts group that l-methyl~l-cyclohexene and 1,2~
dimethyl-l=cyclohexene behaved similarly when autoxidizede The actual isola=
tion of purified hydroperoxides from these and many other autoxidized olefina
was & tremendous step forward, end it cast much doubt on the validity of the

older concepts of olefin oxidation. Riechem’38 postulated that umsaturated

fats and oils probably behaved similerly. He sugiested that the autoxidation
of mono- or polyunsaturated substances may occur through the formation of

oxygen~activated methylene groups according— to the following scheme:

) OCH
i
- { ,
-CH=CH~CHp~CH=CH~ »CH=CH=CH~CH=CH=
——
or + O OOH OH
O bt
-CH=CH-CHQ-CH-. «CH=CH=CHw=CH~

To Farmer and his co-worlners,39'h5 however, is due the mejor credit for
developing the hydroperoxide hypothesis of autoxidatiom, especially in its
application to fatty acids, end for substantiating it with convincing ex=-
perimental evidencees According to Farmer, the autoxidation of practically
all unoonjugated olefinic compounds proceeds by & chain reaction involving
addition of a molecule of oxygen to the carbon atem adjacent to the double
bond to form a hydroperoxide having an intact double bond:

~CHy=CH=CH= + Op ——=> ~CH(QOH )= CH=CH~



As we shall see, this is probebly not the primary step, but is the main chain=-
propagating reaction.

The hydroperoxide concepts are discussed in detail umnder the
headings to follow, namely, autoxidation of monounsaturated fatty compounds,
autoxidation of nonconjugated polyunsaturated fatty compounds, autoxidation
of conjugated polyunsaturated fatty compounds and autoxidation of saturated
fatty compounds,

i, Autoxidation of Monounsaturated Fatty Compounds

The autoxidetion of pure monounsaturated fatty acids and esters although
autocatalytic is slow at ordinary temperatures (below 60°C.)s Ultraviolet
radiation, metal catalysts and higher temperatures have been used to speed
up the reactionse The rate of oxygen absorption of pure methyl oleate, methyl
linoleate, and methyl linolenate hes been showm to be about 1:10-12:16+25, et
comparsable temperatures;hh’hs Qnantitative deta of this type serve to confirm
the hydroperoxide theory since if oxygen added to the double bonds exclusively,
as had been proposed by so memy earlier workers, the relationsbip Just described
should be closer to 1:2:3. ‘ .

The early studies of reaction mechanism concentrated on the isolation of
réaction products usually after extensive autoxidation had occurreds Thess
investigations served to confirm the complexity of autoxidation but did not
reveal the nature of the initial reactionses

In & logical extemsion of the earlier work on pure monoolefins of rela-
tively low molecular weight, Farmer and subtonl? 1solated nearly pure methyl
octadecenoate hydroperoxides from methyl oieate autoxidation mixtures which
head been oxidized in the presenée of ultraviolet to low peroxide levels.
Molecular distillation and chrometographic adsorption were usede The hydro-

peroxide was shown to contain about the theoretical peroxide oxygen contente



Catalytic hydrogenation ylelded & mixture of monohydroxystearates and partial
reduction with aluminum emelgem yielded & mixture of hydroxy=-octadecenoates, thus
demonstrating the presence of a double bond in the peroxides Oxidation of
methyl elaidate under similar conditions also yielded hydroperm:i.«les.)"6

Later, Swift, Dollear end OtConnorlﬂ employed low temperature solvent
crystellization to obtein a 90% peroxide concentrate from eutoxidized methyl

oleates More recently, Fugger, Zilch, Cannon and Du't:'!:cm"'8

by counter-current
distribution and also Privett, Lundberg and N:lckel:l.’49 by a modified extraction
procedure have frectionated autoxidized methyl oleate between aqueous ethanol
end hydrocarbon solvents end obtéimd 80=90% pero:éide concentratese  2Zilch
and DuttonBo also exeamined numerous model compounds known to be present in
eutoxidation mixtures. For large scale laboratory preparations, Coleman,
Knight end Swern51 employed the urea complex separation technique to precipitate
unoxidized methyl oleate thereby concentrating the péro::ides in the filtratee
Hydroperoxide contents of about 90% were consistently obtained if the extent
of autoxidation did not exceed. 15-20%. - |
According to Farmer, methyl oleate yields a mixture of mono- end dihy-

droperoxides (the former predominating) ‘.’m which the hydroperoxide group is )
attached to the eighth or eleventh carbon atom. As Ross, Gebhart and Gerechtsz
end at:hers%’s,* have shown, however, the hydroperoxide group is ettached to the
8,9,10 or 11 position:

CH;-(CHz)*-CHwH-;)H-(CHZ)Y-COOCH3

0OH A
(:115--(0132)x--iﬁ-cn=cﬂ--(_qgﬁ)y-coocrx3

0OH
(x +y =13)



Based on the available evidenceﬁh it has been proposed that the hydroperoxides
consist largely of methyl 9=hydroperoxido=trans~lO-octadecenoate and methyl
10-hydroperoxido~trans-8~octadecenoates

Although it has been assumed (tacitly perhaps) that the peroxides from
autoxidized methyl oleate are exclusively hydroperoxides, it is doubtful that
such is the case. Willits, Ricciuti, Knight, and Swern®? have shown that
polarogrephic amalysis is & convenient and acowrate way to determine hydro-
peroxldes in the pfesence of other peroxide typess Polarographic exemination of
meny peroxide cbncentrates from autoxidized methyl oleate has shown that, al=-
though hydroperoxides predominate, analytically significant emounts of non=-
hydroperoxides are also present. Polarographic studies of autoxidized methyl
oleate and other meterials have also been reported by Lewls end Queu:kenbush;.57 o
Nogami, Matsudé, and Nagasawa,59 Paquot and Mercier ,60 Willits, Ricciuti, Ogg,
61 €

Morris, end Riemenschnelder, ~ and Saunders, Riociutivand.éwern.

The structure of these monhydroperoxides is still unknowne It is possible
thet they may be the cyclic peroxides which earlier workers proposede The fact
that reduced perqxide concentrates show an G-glycol content substantially
equal to the. or'iéiml norghydroperoxide content has been offered as evidence
that oyclic peroxides are formed.56 Until they are isolated however, the evi-
dence must be regarded as circumstantial particularly since aeketols have been
reported as cgmponents of the autoxidation mixture end these are also readily
-reduced to Gf-glycols.éa

The facile fqrmétion of hydroperoxides from methyl oleate, and other
olefins, had piompted Farmer and other investigators to propose that hydro-
peroxides are the initial products oi"' autbxidation. Because of the energy
6,11

required to rupture en G~methylenic C-H bond, and for other reasons,

Farmer,39’6h Bolland and Gee,65 and Gunstone and Hilditch66 more or less



simultaneously concluded that the initial poinmt of oxidative attack was at the
double bond and mot at the Oemethylene groupe It was agreed that double bond
attack must occur to only & minor extent, probably in sufficient emount to

®trigger" the Ge-methylenic chain reaction which predominates by far, as showns

0 wCHo=CH=CH~
~CHy~CH=CH~ — 2.3, ~CHp=CE~CH(00%)~ ~CHp=CH=CH", w.CH,=CH~CH(00H)~ + ~CH=CH=CE~
* L

*
%
;f::hﬁz:?t‘; L& CH=CHSCH= + ~CH, =CH,=CH( 00H )= ‘CHZ"Q__..C_E.T_H."_. \
«CHeCH=CH-
bon
Chain Resction &~ H* + =CH=CH=-CH(OOH)» <& G-Methylenic

Chain Reactizn

This reaction scheme is completely satisfactory kinetical 1y65 and thermochemiocal:>
1y.65
In the free radical mechanism, resonance between the three-carbon systems
.12 3 12 3

~CH=-CH=CH~ end =CH=CH=-CH=~
* %

will occurh3 and when @ molecule of oxygen and an atom of hydrogen ere in-
corporat-ed into the oxidizing molecule, there should be an approximately equal
tendency far the hydroperoxide group to appear at positioms 1 ahd 3, thus
fixing some of the double bonds in the original position and the remainder

at the adjacent peir of carbon atamse | This shift of the double bond, which had
been demonstrated spectrophotometrically by Farmer, Koch, emd S\rl:ﬂl:cn‘43 in the
case of polyunsatu}ated compounds (discussed later), was suggested by them

for moroolefins, although at that time no experimental evidence was offereds
Evidence for this conclusion was subsequently obtained in the air oxidetion of

purified methyl oleate.se'sl‘ Additional chemicel evidence thet a double bond



ghift occurs in monolefin oxidetions end, therefore, that & free-radical
mechenism is probably applicable in these and comparable oxidations, was also
supplied by Farmer and Su‘bton.s3 They studied the oxidation of 1,2~dimethyl~-
l=cyclohexene kand concluded that both 1,2~dimethylelecyclohexene~3=hydroperoxide
end 1,2-dimethyl-a-cyclohexehenl-hydroperoutide must have formeds

CH( 00H)
/3N
CH 2C = CH;
| - Gz
d N N\ cné/
2C = CH3 )
5 fi
CHp 1C = CHy
\ /
032 CH\
/3N
VRN
CH2 2C - CH

| I é 5 1%: - (oB8)

™~ CH
Na/

Recently it was demonstrated by infrared observations thet in the early
stages of autoxidation of methyl oleate under ultraviolet light, peroxide
- formation is accompanied by the appearance of trens double bonds in an amount
approximately 90% of the peroxide formed.sl'" Among the possible mechanisms for
this isomerizativon, the following was givens In the free radical formed, the
atoms probably lie in a pleme providing meximum resonance energys The radical

could then have two isomeric forms:
H H

! l

H c :

1 0 3 R ¢ :{

\c/a\\c/ \z/z\i/
| !

I R B! II ‘H !



\ddition of oxygen to carbon 1 of either I or II or carbon 3 of I would yield
L _c_;__s_-hydroperoxide. Infrared observations suggest that most of the radicals
\ssume the configuration II and Add oxygen to carbon 3 ylelding e mixturo of
:_Lagg-octadecenoates. This preferential attack may be favored by steric factors.

Under mild conditions and during the initial stages, the mechanisms of
wtoxidation favored at the present time have been described. These are
yrobably supplented, at least in part, by other mechanisms et later stages of
she autoxidation, at highef temperatures end in the presence of catalystse
fhese conditions are conducive to accelerated peroxide decomposition, and the
aumerous redicals farmed alter the course of the oxidation to one in which
sredominant attack may be at the double bond.

$1. Autoxidation of Nonconjugated Polyunsaturated Fatty Compounds

The rate of oxidation of methylene-interrupted polyunsaturated systems
s much higher than that of monocethenoic systems because of the activation of
2 methylene group by two adjacent double bonds. This double activation results
in oxidation rates twenty to forty times as great as- in singly unsaturated
compounds, meking the polyethenolé acids the main source of oxidetive ramcidity
problems. The oxidation of the polyunsaturated hydrocarbons, dihydromyrcene,
iihydrofarnesene, and squalene was studied by Farmer eamnd Sutton67 who showed
thet during the early stages of oxidation substantielly all the absorbed oxygen
vas in the fomm of hydroperoxides and that the .orig,inal unsaturation of the
compounds was unaffected.

The current theories of autoxidation of nonconjugated polyunsaturated
fatty compounds began to develop when it was cbserved that conjugation of
double bonds occurred in autoxidizing fish oil acids.m When oils containing
linoleate or more highiy unsaturated systems are autoxidized, the diene con=

o
jugation as measured by ultraviolet light ebsorption at 2310 A increases



parallel with oxygen uptake and peroxide fomat;on in the early stages of
oxidations That this light absorption is not due to peroxide structure has
been shown:iin an experiment in which thermal decomposit iop of peroxide did dot
diminish the a.bsorp'lzzlcm.68

The spectral' changes occurring in autoxidizing fatty materlals have been
independently observed by several investigators and have been studied in con-
siderable detail, The spectral changes accompanﬂng oxidetion are qualitatively
similar for fatty acids containing two or more double bonds interrupted by
methylene groupse Oxidized linoleate hes & principal absorption at 2300~2360 Zg
due to diene conjugation, and a secondary smooth ebsorption meximum at 2600~
2800 X, probably due to smell amounts of unsaturai:ed ketones. The principal
bond is the same for linoleate, linolenate, and arachidonate, but the greater
the degree of unsaturation, the lower the dienme conjugation ebsorption per mole
of absorbed oxygen. Conversely, the more unsaturated the fatty ester, the
greater the light a'bsorption caused by secpndary reaction productse.

In the oxidation of ethyl linoleate the monohydroperoxide which forms was
shown by ultraviolet absorption measuremsnts to contein approximately 70% of.
conjugated diene isomers.68 This calculation was based on spectral date

availeble at that time. The mechanism of reaction originally proposed by

Bolland and Koch68 2s shown:

I. «CH=CH-CHp=-CH=CH= abstraction of a hydrogen atom

s

II, =CH=CH=-CH=-CH=CH~
. :

III. ~CH=CH~CH=CH=CH= resonance hybrid free radical

Iv. "CH-CH=CH-m=CH-

s



Ve

Vi.

VII.

VIII.

IX.

-CH=CH-C‘iH-CH=CH
0o*
~CH=CH=CH=CH=CE~

00~

«CH=CH=CH~-CH=CH~
Q0
+ B
«CH=CH=CH~CH=CH= \

OCH

«CH=CH~CH=CH=CH=

00H

«CH=CH=CH~CH=CH=

OCH

three possible peroxy radicals

addition of hydrogen atom
abstracted from another
linoleate molecule

three possible hydroperoxide products;
two of which are conjugated

The value of 70% conjugation was taken as supporting evidence for the

concept of random atteck of oxygen oum the free radiocal from linoleate, giving

rise to three products, two-thirds of which were -conjugated diene hydroperoxide.

Bergstr'o'm,69 however, has separated the hydrogenated products of linoleate

oxidation by chromatography. He isolated and identified 9O~ and 13-hyd1;oxy-

stearates but wes unable to detect any of the ll-isomer which would have been

produced if oxygen attacked the resonance hybrid at randoms These results

do not prove conclusively that the ll-hydropqroxide had not formed because

under the conditions of hydrogenation, rearrangement of the nonconjugated hy-

droperoxide to conjugated isomers could have teken placee



Until very recemtly only thermodynemic evidence had been offered in
support of Bergstrom's evidence for the formetiowr of conjugated hydroperoxide

7057 ghen, Lundberg snd Holmen'® heve cbteined

in excess of random amouxtss
chramatographic evidence to support Bergstriom, Methyl linoleate was oxidized
either by autoxidetion in the dark at - 10°C » under visible or ultraviolet light,
or in the presence of copper catalyste The peroxides developed were separated
by countercurrent extraction and then reduced by stennous chloride. These hy-
droxylinoleates were then separated by displacement chromatogrephy. In the
above-mentioned examples the products consisted almost entirely of conjugated
compounds, but in the case where oxidation wa;s stimulated by chlorophyll end
irradiation a nonconjugated product was isolatede These observations suggest
strongly that the conjugation observed was not induced by the reduction, ani 4"~ .
autoxidation results largely in conjugated productss Sephton and Sutton hats
obtained similar results.'ma

Much of the uncertainty regarding the true extent of conjugation produced

arises from lack:-of proper standards of comparison. The estimates in the litera-

ture are based upon comparison with trans, trang=10,l2-octadecadienocic acid

which has @ molar extinction coefficient of about 32,000, However, the effect
of the peroxide group in the molecule, and the effect of cis, trans isomerism
were not taken into consideration in meking these comparisonse.

Recent infrared spectral studies on the _g_ﬁ_._s_, trens isomers of linoleic
acid’? indicate that the conjugated linoleate hydroperoxide is not treans,
trens end that estimates of the degree of conjugation present in the product
must be revised upwarde. Recent studies of conjugated linoleate isomers ob-
tained by alkeli isomerization of linoleate indicate that these isomers have

o
lower extinction coefficients at 2320 4 then the better known trans, trans

1somers.7h’75- Privett and co—worlmrs76 and Dutton and c:q;-v-workers77 have



recently studied the infrared spectra of linoleate hydroperoxide preperations
of high purity end have found that the product is at least 907 conjugated and
that 4t comsists largely of cis, trams isomerse The degree of comjugation
ealoglated from ultreviclet absorption of the peroxide and kmown conjugated cis,
trans linoleate also indicated at least 90% conjugation. These high degrees

of conjugated cis, trens hydroperoxide were found only in preparstions oxidized
near 0°C. Oxidation at 24°C ylelded peroxide concentrates in which appreciasble

emounts of conjugated trans, trens forms existede The suthors suggested that

conjugated cis, trans isomers were initielly formed end that the the rmodynamical.

more stable conjugated trans, trans isomers arose from them through some catal:

possibly by peroxides.

In the light of these observations, a simplified mechenism for the mein

course of linoleate autoxidation has been proposed:}“
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Linoleate, I, loses a hydrogen atom to some radical and becomes a free
redical II. This free radical is a resomance hybrid, the two extreme forms of
which are shown as III. Oxygen edds to the resonating redical, predominantly
at the ends of the resonating system to yield two typef of hydroperoxy radicals,
IV. These radicals accept hydrogen atﬁms from other linoleate molecules to
become isomeric conjugated cis, Ezggg.hydroperoxides, and in so doing per-
petuete the cycle, Other reactions which occur to a limited extent under ideal
conﬁitions should be mentioned:

(1) Oxygen may add to the intermediate form of the free radical II to yield non-

conjugated peroxides:

H 00
\ N/ . \/
..___...—-9 /
VNN Nl N
/ \ / /N /N /N / \
H HEH H HEH \f H HH H

(2) The conjugated cis, trens linoleate peroxide mey be isomerized to a traus,

trens form:

HOO HOO
\c \
/ Catalyst o /
\c=c \n — H >=c
~_ 7 N\ N\ N
c=C H Cc=C
/7 N\ d \
H H

(3) Polymers may be formed by addition of radicals II, III, IV with each other:

ROO* + R* —= ROOR

Re + Re —-—> R-R



The mechanism of formetion of trans double bonds Ruring autoxidation may be
similer o that during elkali isomerization.’ ®

The >cyc11cA 61' chain nature of the reaction is well establishad. The entire
mechanism, however, involves three types of reactioms: chain initdation, chain
propagetion, and chain-stopping reactionss The reaction chain oan be initiated
by the attack of eny free radicel upon lincleates The most pro'baﬁle radicals
to initiete chains are those formed by decomposition of a peroxidee It was
formerly bel feved that peroxide was not required for chain starting, for BollandT'?
had shown 'Ehd'b ethyl linoleate had a low but measurable rate of oxidation at 0%
oxidaetions Lundberg end Chipault ,78 however, demonstrated that highly purified
linoleate had a long induction period, that is, it had no measura‘;ale oxidation
rete for several hours after exposure to oxygen. The first chain must thus be
initiated by some noneperoxidic free radical or by stray radiation. Parallel
oxidation chains are initiated by radicals formed by. decomposition of hydro-
peroxide. The higher the concentration of peroxide the more rapid is its rate
of decomposition. Thus as the oxidation proceeds it generates its own catalyst.
Hence the autocatalytic nature of the reaction. The reaction chains can be
stopped by collision of two radicals, for exeample:

R* + R* ——= RR
Re + ROO» —=> ROOR
ROOe + ROO* —=> RCOR + 0o

If the redicals attack molecules of other substances present, products mey be
formed which do not decompose to form readicals and are thus incapaf:le of
propagating the reaction chain.

The reader is also referred to the work of Hilditch79 whose conception of
the reaction mechenism is not in agreement with thet presented here, and to

GibsordC who presents the mechenism of oxidation in & rather unique mennere



In the case of ethyl l'I.nolerla:t:e,"3 there should be two initial radical forms
(I and II) which could rearrange to III, IV, V end VIs The h’yd.roperoxideg de=
rived from III through VI would then show diene conjugations If both the active
methylene groups were attacked consecutively by oxygen, which would heppen
frequently only in advenced stages of oxidation, then numerous diperoxide forms
would become possible, some of which would show diene canjugation, some triene
conjugation, and one the originel state of unconjt-zgétidh. The autoxidation of
linolenates is thus even more camplicated than thet of liﬂoleafes; The autoxi-
dation shows the tharacteristics of a chain rezction, hydroperoxides form, and
double bond migration occurs but the fine details have not yet been developed.e':

At 0°C, 60% of the products are monomeric cis, trens-conjugated diene monohydro-:

peroxidess _ i
+CH~ CH=CH~CB=CHwCHp=CH=CH~
16151)4.131211 10 9 *
~CH=CH~CH~CH=CH~CHy=(H=CH- ———=> 111
%k
T ~ CH=CHCH=CH~CH~CH,=CH=CH-
%*
1w
"CH=CH-CH2-CH-CH=CH-CH=CH- -
%
v
~CH=CH~CH,~CH=CH~CH~CH=CH~ ;
_ —CH=CH-CHQ°'CH=CH-CH=CH-CH-
I1 *
A'2

Methyl docosahexaenots ,'-Ll,h3 which is Aan extremely camplex substance, also
displeys an increased absorption in the ultra-violet region, indicating thet
conjugated compounds are formed, but no quentitative data have been reported

on this material.



In the case of squalene and rubber"‘3 no large increase in ultra-violet
absorption which could be ascribed to the formation of comjugated units was
cbservede In these meterials the reactive G-methylene group/s are flemked on
only one side by a double bonde This leads to & much lower reactivity of the
olefin snd requires two peroxidations 'bo occur in sny diene unit of the chein,
«C=C=C=(C=C=Ce, before conjugation can appears There 3is little doubt, however,
thet double~bond migration is occurringe It is unfortunate that the ultra-
violet absorption technique is inapplicable to su.ch systemse

341, Autoxidetion of Conjugated Polyunsaturated Fatty Compounds

The autoxidetion of conjugeted compounds has received much less study then
that of the nonconjugated polyunsaturated fatty compounds, even though the form:.
are importent constituents of tumg oil, oiticica oil end dehydrated castor oil
which are widely used in protective coatingss The mechenism of oxidation of
conjugated polyunsaturated fatty compounds is different from that of the non-
conjugéted, and the reaction products are-not the same.

Studies with model conjugeted hydrocaerbons by Kern and co-—vororkersaa”86
has shown that oxidation occurs by addition of oxygen to the diene systems to
yield polymeric noncyclic peroxides mainly, although moncmeric cyeclic peroxides
can also form in some instencess Both 1,2- end 1 ,2Lh=addition occur depending
'upon the diene hydrocarbon. Hock and Siebert,87 however, have reported the
formation of both moncmeric and polymeric cyclic peroxides by 1,4-addition, as
well as simultaneous Ge=hydroperoxide formation.

Pioneering work in the autoxidation of conjugated polyunsaturated fatty
compounds was done by Morrell and co~workers ,88 »89 and by Miller and claxton.90
The former group, unfortunately, investigated sn extremely complex system,

neamely, the adducts of methyl eleostearate with meleic aphydride. Both Morrellts

group and Miller and Claxton carried the oxidetion to advanced steges and



followed the oxidetion by enalytical means which, as we now know, is unreliable.
They concluded that oxygen-containing polymers were formed and that ketol and
8nol groups were present in the products.

Brauer and Steadman91 studied the course of oxidetion of P~eleostearic
acid by menas of spectrophotometric measurementss They observed that the light »
absorption in the 2600-2800 Z region due to conjugated triene, decreased es the
oxidation proceeded and that absorption due to conjugated diene increaseds
This has been found to be true also for pseudoeleostearic, a~eleostearic, and
B-licanic acids. 2 Allen, Jackson, and Kummercvwg3 compared the oxidation of 9,
12~ and 10,12-methyl linoleate and found that in the early stages of oxidation c.
9,12-linoleéte, all the axygen absorbed was found es peroxide, whereas in the
oxidation of the conjugated isomer, mo peroxide accumulated in the first stages
of *;:he processe The disappearance of conjugated double bonds was equivalent
to oxygen absorbed, suggesting that carbonw-to-oxygen polymerization ogeurred
rather than carbon-to-carbon polymerization. The work of Jackson and Kmnmerc\w9h
on oxidation of the two linoleate isomers in the presence of metallic naphthenate
driers indicates that the d;'iers had less effect upon the oxidation of conjugetec
linoleate than upon nonconjugated linoleatee This would also suggest that
peroxide decomposition is not a major factor in the mechanism of oxidati‘on of
conjugated substancas;

The oxidation of conjugated unsatureted substances is accompanied by less
breaekdown then is the oxidation of the nonconjugated. The conjugated triene
fatty acids and esters oxidize at a fester rate than do their nonconjugated
isomers. This was shown by Myers, Kass, and Burr 92 who compared the oxidation
of small amounmts of trienoic acids and esters on filter paper. Compafison of
the rates of oxidation of linoleic acid and 10,12-linoleic acid, however, showed

no essential difference.96 On the other hand, oxidetion of the conjugated methyl



linoleate proceeded slower than oxidation of methyl linoleate in the experiments

reported by Allemn, Jackson and Kummerow.

3

The most thorough report on eleostearate oxidation is thet of Allen and

Kmmnerow.g? They found that the emount of triene conjugation lost and the

emount of diene conjugation formed were both proportional to oxygen absorbed,

The primary product of oxidation was isolated by low tampez?ature nystaliization

and found to possess strong conjugated diene absorption in the ultraviolets The

effect of alkali upon this absorption wa

dation product yielded mostly methyl dih
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en confined within the triene system.

The attack of oxygen upon the conjugated system was postulated to be 1,2~, 1,).;-;,

or 1,6- yielding the following possible

R~CH=CHeCH=CH~CH~CH~

artisl structures:
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This diradical is stabilized by resonance along the umsaturated system,'
allowing addition at any of the carbons of the triene system, Reaction with
ancther unsaturated molecule would Yield a dimer still possessing free radical

centers:

~CH=CH=-CH=CH=CH~CH~ + ReCH=CH=R ——u
L ]

COe
-CH=CH-CH=CH-CH-(:H-
o !

0

!
0

t
s ;
R=-CH-CH-R
This dimeric diredical could stabilize itself internally to give a cyclic peroxide
=CH=CH=CH=CH=CH=CH —

/
R-CH 0

v
CH-0
|
R

_However, the dimeric redical could again add oxy;gen axd olefin thus building a
polymeric chain in which the repeating unit is «CHR-CHR=00-. Oxidation of pure
material would favor the latter course whereas dimer formation would be favor
in diluted mediae The kinetic studies allow the rate of reaction of eleostearate

oxidation to be summarized by the equation:

d02/d'b = K(prod\.m*!:)l/2 (ester)

The rates of oxygen uptake for various conjugated unsaturated systems
diminish markedly when the total oxygen uptake approaches 2 moles of oxygen
per mole of ester or acide This is true even for Q- aﬁd Be=parinaric acids
which possess a conjugated tetraene sys't:em.98 Apparently polymer formation

increases the steric hindrance msking further oxidative attack difficulte



Increasing viscosity and diminished diffusion of oxygen is apparently a lesser

factor, for Chipault, Nickell and Lundber P found that trieleostearin, pentaery-

thritol eleostearate and an eleostearic a all became hard at a very early

stage of oxidation, long before the max oxygen upteke had been achieveds
On the other hand, the films set and hardened at later stages in the oxidation
of similar linoleate and linolenate compoundse

The reaction mechanism quoted above does not account far ell the observa-
tions concérning conjugated polyene oxidatione The oxié.ation of the eleo-
stearates Has been shown to be autocatalytic both by Brauver and Steadmen9! in
sdlutions, and by Myers, Kass and Burr?s n thin £ilms: According to the di«
redical reactioln mechenism of Kummerow his associ;atea, propagetion of the
chain reaction is by polymer.}matio‘n only.| The formaetion of smell molecule
products such as the dimers found by Brauer and Steadman is by early termination
of the reaction cheins. Chain reaction leading to monomeric or dimeric products
could be only vie a monoradicel mechanisms Such a mechanism would involve the
abstraction of a hydrogen from an eleostearate molecuie.

. The mechanism as postulated does not provide for autocatalysise The chain
polymerization reaction is not autocatalytice Ilforeover, it is implied that
polymerization is primarily through carbon to oxygen bonds, whereas it is known
that eleostearate sets & hard film very early in the process of oxidation, before
sufficient oxygen has been absorbed to account for the cross linkinge Thus the
polymerization is probebly mostly through carbon-to-carbon linkages. It does
not appeer that the free radical reaction mechanism for cqnjugated polyene oxie

detion is obligatory. The simple 1,2~ or 1,4~ addition of oxygen may account

for many of the facts, except that it does not account for autocatalysise It
would explain the partly conjugated primary product of oxidetion isolated by
Allen and Kummerow, amd early polymerization could be stimulated by peroxide

catalysis, The reaction mechanism is by no means settled.



More recently, O'Neiil7 studied the autoxidation of methyl eleostearate
exposed to ultraviolet. When 1.2 atoms of oxygen hed been absorbed per mole
of substrate, it consisted of unchenged ester (38%), crystalline peroxide (7%),
monomeric peroxidic, hydroxylic and ketonic products (35%), polymers (15%)
and cléav’e.ge products (%)« Analysis of the crystalline peroxide suggested that
it coneisted of about 75% §f an easily reducible 1l,4=cyclic peroxide (I or II)
end about 25%, of & more difficul‘bil.y reducible and probably isomeric peroxides
CE3-(CH,) 3=CH=CH=CH~CH= CH=CH=( CH, )7-002033

(1)

CH3-( CHe)3-CH=CH;CH-CH=CH-(;H-(CH2)7-COZCH3

—0-—0l
(11)

The remaining monomeric fraction consisted of other peroxidic mtefial
including about 15% of 1,2-cyclic peroxide, probably some 1,6-peroxide and
bydroxylated and ketonic material not yet identified.

The polymeric material, the yield of which was unexpectedly low considering
that e tung oil film will dry at an oxygen upteke of about one atam per fatty
acid redical, was of higher molecular weight (number average about 1000) than the
polymeric material obtained from experiments with the nonconjugated esters, and
light scattering measurements suggested the presence of same high polymeric
materiales It contained peroxide groups which could not be readily hydrogenated
and did not react with potessium iodide but which rescted with hydrogen iodide.
The reaction with hydrogen iodide, however, yielded only small amounts of mono=
meric material, indiceting that the chains were not linked by peroxide groups
but were carbon-cerbon bondeds |

On oxidation of nonconjugated fatty esters, conjugated double bond systems

are developed and the later stages of oxidation of these esters would be expected



to follow the seme course as the oxidation of the conjugated esterse Evidence
has been obtained for the presence of difficultly reducible peroxides :h? the

autoxidation of nonconjugated fatty esters by first reducit‘g hydroperoxides by
hydrogenation with platinum at atmospheric pressuree The ’system then cbnteins

peroxides vhich will react with hydrogen iodide but not with potassium iodide,

and which can be hydrogenated to hydroxy compounds with Reaney niokel at 7
atmospheres.
iv. Autoxidation of Saturated Fatty Compounds

Under the mild conditions usuelly employed in autoxidation, saturated com=
pounds have often been assumed to be inerts It is true that the main problems of
autoxidation are associated with umsaturated fatty acids, but it is now known
that saturated fatty acids undergo & slow autoxidation partio'ularly at or above
100°C, Stirton, Turer end Riemnschneiderhh have shown thet at-100°C the ratio
of rate of oxygem absorption of methyl stearate: vme'bhyl oleate: methyl linoleate:
methyl linolenate is 1: 1l: 1l4: 179« A large emount of work has been published

on the gutoxids.tion of pure saturated hydrocarbons, because such étudies are

importeant for petroleum lubricatiom problems, and information obtained in this

field is undoubtedly applicsble to saturated fatty acidsel  +0o%

At 110°C saturated narmal hydrocarbons autoxidize, the rate increasing

with chein length. Thus, n~decene and n- exadeoanelm absorb oxygen slo&ly

during the early stages of autoxidation (the first 20 hours), and then an auto-
catalytic acceleration to & constant rate occurse. Autoxidetive attack is

1038,20L o4 4he primary product is a hydroperoxide.loo’loe"

probaebly rendom,
103,103a,10Le Decomposition of the hydroperoxide yields & ketone, an alcohol,

S o prddwts of chain cleavage, as illustrated:



HEH - OCH

| |
CH3(CH2)n~t’J—(')-H —-—03—9 053( crfz)n-.cl:--CH3

HH / H
c:113((:112)ncocn3 + E,0 \

\LOQ CHB(Cﬁa) -;:-cn + 0
033(m2)ncoon + HCHO 3

Aétack can also be made at other carbon atams, giving #ise to other species
of compoundse The aldehydes, ketones, end acids among the reaction products are
subject to further oxidation and polymerizations As an example giving some con-
ception of the rate of these oxidations, cetane ebsorbs approximately 04002 mol
‘oxygen per hour at 110°C. There is a slight increase in rate of oxidation with
increased chain length. Branched and normal paraffins show similar autoxidation
curves s héving typical induction periodss The reaction is autocatalytic and
is subject to acceleration by metallic ions and to inhibitiop by either metal-

binding compounds or by entioxidantse. The reaction is believed to be & chain
;'eaction.

| The autoxidetion of saturated fatty acids or derivetives has received
detailed study by Paquot end de Goursac.ms Ethyl palmitate and ethyl caprate
were blowmn with air at 120 using 1% of nickel phthalocyanine as catalyst.
About L0-507% of the original esters were recovered unchanged, 0.5% was lost
as carbon dioxide, 5% was lost by entrainment, and the remainder was autoxidizeds
Sodium and potassium soaps have also been autoxidized by these-investigators.
The principal products were shorter chein acids and oxalic acid s thus suggesting
that Beattack predominatede Minor amounts of leactones were also isolated in~
dicating some S- and J-attack. Methyl ketones were also isolated in even

smaller smounts.
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The effect of the presence of small portions of linoleate upon the rate
of oieate oxidation has beon studied by Guastone end II:’le.ﬁ:r.:h.)"5 From these
studies 1t is apparent that high purity of subctrate is important in oxidetion
studiess Highly purified oleate esters are extremely resistant to aut(ucida't:ion:.lo6

In his kinetioc studies on linoleate oxidetion,, Bollend'®7 likewise studied
the effect of ethyl lincleate concéntration in ethyl oleates He observed that
the relative rate of oxidation bore a linear relationship to the molar concen-
tration of linoleates Thus the oxidation of the diluent, oleate, is not "cate
alyzed" by the presence of linoleate; the effect is ome of dilution.

The more common unsaturated acids oxidize at meximum rates sometimes twice
as great as that of their esters.96 This effect is probably due to partici-
pation of the carboxyl groups in the decomposition of peroxidese This relation-
ship is indicated by the work of Privett, Nickell, and Lundberghg. in which
addition of free linoleic acid to methyl linoleate -peroxide accelerated its
decompositions Total oxygen upteke for free oleic acid has also been found
to be less than for its esters.1°8'1°9

Although the preceding qualitative informatiop on the effect of structure
on retes of autoxidation is interesting and importent, quantitative kinetic
date are much more meaningful. One of the earliest kinetic studies was thot
of Henderson and 'x’oungno who derived the following rate law for the autoxidation

of oleic acid:

- a0,
=k + ky (peroxide) (()2)1/2

dt
For oxygen pressures between 0.5 and 1,0 etmosphere the average velue for kl
was 2.2 and for k, 226,
The detailed end complete studies of the kinetics of autoxidation des-
cribed by Bolland, Bateman and c::o—workers,]"‘2 however, are among the outstanding

contributions to the mechanisms of autoxidation of unsaturated fattv materials.



These results domonstrate unequivocally that the low temperature liquid phase
oxidetion of olefins occurs by & chain mechenism. Thus, if inhibitors or
initiators are added, spectacular decreases or increases in reaction rate,
respectively, are observeds Also, if the reaction is accelerated photochemically,
the quantum yield may exceed unity.

Comparison of the experimentally determined rate equations for the inter-
action of oxygen with olefins in the presence of benzoyl peroxids, uli:ra-violet
radiation, or in the dark in the absence of added imitiators shows sn obvious
perallelism in the way the rate of oxidation depends on /{ 02..7 and /7] RI-I].
Kinetic analysis shows that photOf and nmphoto-cafalyzed oxidetions proceed
by the same basic mechanisms. The three rate equations reduce to the common

forms 1,2

[°L7 (2)
kt [RH7 + [0, 7

(Ry is the rate of formation of chain carriers)

51
Rate—Rl/zk[RH

The kinetic cha;acteristics embodied in this generalized relation can be accounted
kfor in terms of a single chain-reactiop mechanism as follows:
INITIATION (Production of radicals R or RO,e) Ry

Benzoyl Peroxide

or RO + hy \‘ S k7(R,)

Re or RO*
or 2ROpH ) : k) (R;)
PROPAGAT ION
Re + Op ——33.RO,* k>(R5)

ROy® + RH—=> ROE + R¢ | k3(R3)



TERMINATION

R + Re k(R )
R + RO5* nactive Products 1:5(125)
ROye + RO, : kg(Rg)

The rate of oxidation is related to the velocity coefficient of the various

elementary reactions (k-k7) by

-‘a@]:Ril/g 1;3 /R }: kg/E[OaJ
at VEg Jf’éﬁli?“fkaﬂé@z.? m

The correspondence between the experimental (A) end the theoretical (B)

(B)

relations is complete since the term m{' becomes negligible at chain
lengths as great as those encountered in these autoxidationse

The efficiencies with which the initiation process (Rl) end the termination
reaction (Ré) ‘occur are sensibly the seme for a variety of nonconjugatei un-
saturated hydrocarbons, The resultant influence of the propagation eand termine-
tion reactions involving the R-type chain carrier is negligible,. .The remaining
chain-propagation step (R;) is sufficiéntly sensitive to the nature of RH to
introduce considerable variations in oxidation-cha-in length; R3 must thus be
regarded as the ke& reaction in controlling rates of autoxidation. Further
details and discussion of these equations are given in Bolland's review.2

Chlorophyll also acceleratss the autoxidation of oleic acid in the 1light
and dark, but the mechanism of the reaction is not an.loh

Recently Khen, Brown, and Deerl:henrage,m8 Mex and Deatherage ,111 and
Khannz studied and compared the rates of autoxidation of methyl oleate, methyl
9,10-dideuterooleate, and 8,8,11 ,11~tetradeutero-g_i:_s;-octadecene. These in-

vestigators showed thet deuterium oompounds oxidize at a slower rate than do



the corresponding hydrogen compoundse They concluded thet initial autoxidetive
attack 1s at the double bond, and the main sustaining reaction is attack at the
a~posit ion.
e. Secondary Products of Autoxidation

Nmrous Meétigatc'rs have studied the secondary products of autoxidation
of fatty maferials. In the early studies df readtion mechanism the isolation of
reaction products, usuelly after extensive eutoxidetion had occurred, was &
major objective of many workerse It was hoped thet the mechanism could be
worked out by a careful separation and quantitative estimetion of the products.
The large number of products formed end the dependence of their yield on re-
action conditions made this approach relatively fruitless , except to reaffirm
the complexity of eutoxidation. Unfortumately, in meny of the early studies
impure s"_:.ar_ting materials were chosen, thus complicating further an already
complex situations

One of the first systematic investigations was that of Skellon113 who
oxidized pure oleic acid at 100-120°C for long periodse He isolated two 9,10~
dihydroxystearic acids, & monohyd:joxystearic acid, end numerous compounds arising
from chain cleavages Many yeers leter, Feuell and Skellonnz'a reinvestigated
the problem end shaved that, in addition to the earlier reported products,
oxiranes, unsaturated carbonyls end dimers farmeds }!‘.lli.xszz”28 oxidized oleioc
and elaidic acids until l-3 moles of oxygen were absorbed at 55-80° with a
cqbaltous eleidate catalyst. Epoxide formation accounted for at least 20%
of the products when catalyst was usede This was taken as evidence that oxygen
attacked the double bond, but as we shall see later, this conclusion is not
justified. Cleavage products included nonanoic, octanoic, suberic, azelaic,
and oxalic acids, as well &s carbon dioxide and waters Peroxides were minor

products, Deatherage and Matt411109 largely confirmed these results and showed



that epoxy derivatives were among the chief products of autoxidation. Swern,
Knight, Scanlan end Ault? used molecular distillation to frectionate the
products of én extensive cobalﬂ salt+catalyzed autoxidetion of methyl oleate
end showed that oxygeh-linked polymers were formeds Using acetic acid as a
aélvenb snd & cobalt salt-catalyst, Knight, Jordan, Koos amd Swernns showed
that oleic acid end methyl oleafe gave 6=68% yields of mixed cleavage products
(mono- and dibasic acids) and 12-17% of high-melting 9,10-dihydroxystearic acide
Thus about 807 §f the starting materisl was accounted for but the cleavage
broducts consisted of Cg~C1o moho- end dibasic acids, with no particular ones
predominating.

Recently it was shown that in fhe uncatalyzed autoxidation of methyl oleate
substantially 'all of it undergoes single attack by oxygen or peroxides before
‘any significant quantity of multiple attack in the chain occurs.116 A typicel
composition, after the peak in peroxide content has been passed, is about 30=35%
peroxide, 25-30% hydroxy compounds, 20-25% oiirane compounds, 15-20% Q,Q-un-
saturated carbonyl cémpounds end some residual methyl oleate, cleavage products,
éolymers, and multiply attacked methyl oleates Hydrogenation éf such mixtures
with Reney nickel and palladium as catalysts ylelds monochydroxystearic acids~”
in high yielde'l7

@,pB-Unsaturated carbonyl compounds have been isolated by E111s118,119
from autoxidized oleic and elaidic acids. Thesé products would eppear to be
obtained directly from the corresponding G-methylenic hy&roperoxides simply
by the loss of a molecule of water. 12-Ketoelaidic amnd 12-ketooleic acids,
isomers of the a,B-unsaturated carbonyls obteined in autoxidation, have been
- prepared synthetically by controlled oxidation of ricinelaidic and ricinoleic
acids.119 12-Ketoelaidic ecid is relatively stable toward autoxidation whereeas

12-ketooleic acid absorbs oxygen even at 0°C. This relative autoxidizebility



{s of particular significance because it has been shown that most, if not all, of
the hydroperoxides formed from methyl oleete heve the trans configurati on.sl‘
The a,B-unsaturated carbonyl compounds derivé.‘ble from these hydroperoxides .
should also be 3:_;_'_&_12_ since dehydration does not involve the double bond. Ai-s
though the a,B-unsaturated carbonyls formed during autoxidetion are not identicel
with 12-ketoelaidic acid they are closely related, and it might be essumed that
they £o0o would be resistant to furtherﬁutoxidative attack in the absence of
catalystss The fac{: that single attack on the methyl oleate chain predominetes
supports this conclusion; otherwise & significant emount of multiple attack
would occur before all the methyl oleate had been autoxidized.

It is known that oxirene compounds are also resistant to further autoxi-
dative attack at moderate temperatures, and it would appear that the umsaturated
hydroxy compounds must be tooe Although this latter point has not been resolved
experimentally, it is probable that thé hydroxy compounds, as well as some of
the oxiranes, are converted to esters, thereby enhanéing their stebility.

Kingé3 has recently published & detailed amalytical study of the autoxi-
dation of elaidic acid at 47°C and 78°C with end without a cobalt salt catalyste
The formation of ketol derivatives has-bqen confirmed, and formic acid has
béen identified among the volatile products of autoxidetion. Methods were also
reported for estimeting ketol and other carbonyl compounds.

Skellon end Thruston'l?® studied the catalytic oxidation of elaidic acid,
methyl elaidate and n-propyl elaidates About 337% peroxides fotmed with methyl
elaidate at 98°C but only 10-15% with elaidic ecide (This parallels the ex-
perience with methyl oleate and oleic acid.) Decomposition of the hydroperoxides
occurred along three lines: a) monomeric oily complexes containing carbonyl

groups, b) other secondary products such as oxiranes and keto esters and c)

cleavage products,



It was shown by E111828

thet both oleic &nd elaidic acids on autoxidation
give trans-9,10~epoxystearic acid in about 20% ylelde The fact that both a cis
end & trans compound yleld the same, rather.than different, products by the
identical oxidetion method is indeed surprising and remeined unexplained for
mﬁny years. With the developmenf of infrared spectrophotometric methods for
detemining trens compounds in autoxidized and other meterials, it was shown

that the majority of radicals in the autoxidetion of oleic (end elaidicj acid

take the configuration shown below,

and add oxygen at carbon atom 3.5L"’115 The resulting hydroperoxides, 9=hydro=
peroxido-lo-:c_x:a__x_l_s;-octadeoenoic acid and lo-hydroperoxido-a-m-octadecenoic

acid (I and II), on homolytic cleavege yield the radicals HOe and RO®* (III and
) IV)e Both III and IV, by shift of one<Tr-electron of the double bond to couple

with the odd electron on oxygen, would form the oxireme ring in the 9,10~positiona

Retioquisition of a hydrogen atom then yields trans-9 ,10~epoxyéteario acide

CH3-(CHZ)6—CH=CH-QH~(CB2)7-0023 (1)
00E
CHs-(CH2)7-§JH-CH=CH-(CH2)6-COZH (11)
OOH
mr(cna)é-cnwﬂ-in-(cne).,-.coag (111)
CH3~( 032)7"?5"03:03'(052)6“0025 (Iv)

0

L



This mechanism also accounts for the formation of high-melting 9,10~dihydroxy-
stearic acid from both oleic and elaidic acidse

In the uncetalyzed autoxidetion of methyl oleate, polymer formation don
not odcur until advanced s"ta,ges.n'6 Then metal catelysts are present, however,
polymsrs form even in the early stagess The structure of the pdlymera formed
from autoxidizing methyl oleate is not imowne Evidence has been published
suggesting that they are lergely «:xygen-l:lnlcecﬂ’:"""Ll as distinguished from me‘i:hyi
linoleate polymetrs in which carbon-carbon linkeges are known to be present
certainly in the dimers.7s120 £1116118 has proposed that the dimers from sutoxi-
<€11zed oleic acid are substituted dihydroqu‘ans (V) which are forined from the
d,Bﬂuﬁsatu'rata?d carbanyléa

R=~CH=C=CH,~R!
g
Rt —\CH-E(‘:-CO-R (v)

Kernl2%® has pointed out that fatty chains are linked by C=0-C, C=0-0-C,
end C-C bridges in éutoxida.tively produced polymerss No true chain propagation
occurs. becauae ‘of & low polymerizing tendency in these ;ystemi and also beceuse
of the inhibiting action of oxygene -

Swift, Dollear, Brown, and Q'Connorla-l have shown that one of the decom=
position reactions of methyl oleate hydroperoxides is cleavage to Q@,f-unsaturated
carbonyls, one of which is 2-undecenals Swift and Dollesrl2® have reported thet
oleic 8cid can be intermolecularly oxidized at 90° by methyl oleate hydroperoxides
to form cis=9,10~epoxystearic acid, m.ps 59°, end low melting (but not high-
melting) 9,10~dihydroxystearic acid, meps 95°, in small quantity.

Recently Ahlers and l\d(:'.l'e.gga.ri:l23 have devised infrared spectroscopic methods
for the quantitative determimti&n of secondary products of autoxidation, such

as hydroxy end cerbonyl compoundse The method requires onmly ebout 20 milligrems



of sempls (which can be recovered after exeminetioh), and the accurecy of each
determination is similar to that of the corréspon&iné conventional themical
method.

Most of the'modern published work on secondary products of aqtoxidation
has been devoted to monounsaturated fatty materiels. Swift, O‘COnnor; Brown and
Dollear,lzb-however, have identified one seturated and twe unsaturated aldehydes
as oxidation products from decomposed hydroperoxides of cottonseed oile Lin-
oleic acid is the principal fatty acid constituent as well as the most readily
oxidized component of this oil., Johnson, Chang eand Kfummercwm)"a isolated methyl
ethyl ketone, acetaidehyde, Q~pentensal, crotonaldéhyde and an unknown five=~
carbon carbonyl campound in the volatile decomposition products of the oxidative
polymers of ethyl linolenate. Similar cleéva.ge products have been isolated

12lb,124c 12La

from autoxidized soybean, corn and avocado 0ils and methyl linolen=

ate. lahb
f« Miscellaneous

Peroxide Catalysis - In the autoxidation of unsaturated substences, the induction

period is that initial period of time during which no eppreciable oxidetion
takes place, and during which peroxide does not accumulate rapidly. When
peroxide (or partially oxidized material) is added to a fat it has a pro-
oxidant action because, in effect, the stage of oxidation is advanced ﬁeyond
the induction periode Peroxides, being unstable substances, have appreciable
thermal decomposition rates, and thus provide free radicals to initiate new
chainse Benzoyl peroxide is well known for initiation of polymerization re-
actions end has besh used a8 e source of chain~starting radicals in Qtudies
of autoxidation, as has linoleate hydréperoxides,65’1°7 pex-em-.:’u.ds,.'lab'e free

radicals,labf hydroperoxides and peroxides.lebg



Metal Catalysis = In the drying oil industry, pro-oxidants called "driers"

are often used to pfomote repid oxidation. These substances are salts of heavy
metels with organic acidse The effect of driers upon drying time of linseed
oil has been extensively studied by Lumd 125 and the action of copper upon
the oxidation of linoleic acid has been studied by Smith and Stotz.126
S]:elll.on:"z7 studied the action of wvarious metal salts upon oleate oxidation and
found that lead, aluminum and barium are good catalysts in the primary stage
of oxidation, but thet zinc is a good catalyst for formation of ketone from
peroxides, Linoleates were more effective catalysts then oleates, elaidates
or ricinoleates, -

Metellic catalysts have their action primarily through the decomposition
of peroxides to form additional free radicalse No work in the field of fats
has treated this phenomenon, but it is generally accepted that peroxide decom-

position via metallic salts to yleld free radicals promotes polymer:‘uuad:.i0111‘28

and o:.vxi.d:a:l:i.011.129 It is clear, however, from the study by Jackson and Kummerowgh
that in the presence of drier, the peroxide value of oxidizing linoleic acid
is held to a lower lavel.

Meny organic peroxides are able to take electrons from end yield electrons

to metallic cations, depending upon oxidation reduction potential:

cu’ # ROOHE ———> cu't + R-0: + sCH
cutt + ROO:™ ——> R-00* + Cu’
The metallic catalysts function through maintaining & steady concentration of
active hydroxyl redicalse.
High polyvalency is not indispensable for good catalytic activity although
valence changes are characteristic of the best ones,12%8 lJccording to Skellon,lz%

catalysts appear to function through a simple cycle of valency changese



1) A loose complex forms between metal catalyst, in a lower state of valency,
and oxygen, the metal being raised to & higher valency conditions 2) This
condition of valency is more stable but still highly reactive towﬁrds oxygens
In this state the cetalyst reacts further with oxygen and oxidizable substance,
donating oxygen continuously to the latter without permanently reverting to

its lower valence state, that is, the catalyst-oxygen complex acts es an

oxygen donor. 3) Ultimate interaction between catalyst in its higher valency
condition and a quantum of oxidized meterial causes reversion of the metal to
ite lower valence state accompanied by changes in the character of the oxidized
materiale.

Film formetion with driers present is merked by a shartened induction
period, en increase in rate of oxidation, film formetion at & lower oxygen
content then in absence of driers, and & lower total oxygen content during :
aging.lzga

Andergyn}3° presents & slightly different view of the metal catalyzed
oxidation of methyl linoleates. In his work he found that after the induction
period the rate increased to a constent value (59 and could be related to
drier concentration (c) by the following relation:

© +ar = Be,
in which @ and 3 are constants dependent upon linoleate concentration. The
induction period increased with drier concentration, suggesting that it is
related to the oiidation of the catiéns to a higher velence., Ninety per cent
of the absorbed oxygen was found as peroxides His conception of the mechanism
of catalyzed end unocatalyzed autoxidation is the same except that the chain
carrier is an addition product of the catalyst rather then the peroxide

radical ROOe,



A survey of drier action and methods of menufacture were recently pub-

1ished,1508,130b

Surface Catalysis - The influence of the nature of the vessel upon induction

periods end rates of oxidation has been known for some times The more common
surface catalysis is due to contect with atoms of the transition metallic
elements in the vessel, and is thus ordinary metal catalysls. However,
George]‘31 has made a systematic study of surface cetalysis by means of the addi-
tion to the test sample of inert powders which contained subanalytical emounts
of trensition element impurities. In common with metel catalyzed and benzoyl
peroxide catelyzed oxidatiom, the surface catalyzéd oxidation of tetralin
yielded hydroperoxide as the primary product. The surface catalysis is re-
sponsible for initiation and terminetion of resction chainss

Antioxidente - Antioxidents are substences which are able to prevent or delay

the oxidation of the 0il, when present in small quentities. They are present
in most natural fats and oils, end contribute to the. natural stability of raw
oils which is often removed by purificetions The literature on antioxident
theory and praétice has been reviewed by Lundberg up to 19)47.132
The mechenism of inhibition catalysis was recognized by Alyea and

Bz'a.'c:l‘:s*:.:t"t)":n:l'33 o be the breaking of reaction chains and involved the oxidation
of the inhibitor. Bolland and ten Haver2 studied the kinetics of ethjl
linoleate oxidation in the presence of hydroguinone (Hg) and came to the ocon~
clusion that the inhibitor terminates chains by interaction with peroxide
radicels:

R-00* + Hq ——> Stable Product
From kinetic evidence they elso comcluded that hydroquinone underwent chemical
changes The strong yellow colow: of the oxidized mixture suggested that the

product of hydroquinone oxidation wes bengzoquinone, Golumbicl3? found that



tocopherol was repidly oxidized during the induction period of fat oxidation,
end when tocopherol hed disappeared, the induction period ceme to an end.
Lundberg, Dockstader, and Hal\rorson136 studied the kinetics of oxidation of
hydroquinone, catechol, nordihydroguaiaretic acid, and gallic acid in oxidizing
larde They found thet in each case, antioxidant concentration diminished
during initial stages of oxidetion and that peroxide did not reach high values
until most of the antioxidemt had disappeared.

Taylar137 and Michaelisl3® have discussed the mechanism of entioxident
actions Micheelis explained antioxidant phenomena on the basis of compulsory
univelent oxidaetion=reductione Aside from synthetic sulphur compounds, two
types of natural antioxidants exist, one which can be reversibly oxidized to
quinone, and tocopherol which canncte They do have the cammon property of
being reversibly oxidized to a semiquinone radicale Semiquinones are well
known, and the semiquinone of tocopherol hes been demonstrated to exist by
Michaelise Toocopherol in alcohol, ether and pentane was cooled to & glassy
noncrystalline masse Then this rigid solution was irradiated with ultraviolet
ligixt, an intense red color was produced, ;which disappeared when the glassy
solution melted, allowing dismutation of the free redicelse From these observae-
tions the most pleusible mechanism of antioxidant ectivity is the following:

ROO® + AHy->>-ROOH + AHe primary attack

2AHe ---arAH2 + A dismutation
or
ROO* + AHe —> ROOH + A secondary attack

S&ergists - Synergists are substances which reinforce the effect of entioxi-
dentse The synergists may or may not possess antioxidant activities of thelr
owne Synergists are usually dibasic or polybasic organic or inargenic acids.

The synergists thus far receiving the most study are ascorbic acid, phosphoric



ecid, and citric acide. (“volumb.'acl39 stated that the function of a synergist wes
the continual regeneration of the antioxident et the expense of the synergist
which acted as & source of hydrogen. |

In a current paper Privett and Quackenbushmo point out that three factors
are incompatible with that mechenism: (1) :scme potent synsrgist combinations do
not form oxidativmereduction systems; (2) in the tocopherol?ascm'bic acid synergism,
no evidence has been presented to -define the rate of ascorbic acid destruction;
and (3) phosphoric acid has been shown to react with quinone in the absence of
hydrogen donors to give e false positive test for tocopherol in the iron-
bipyridyl reactione Privett and Quackenbush found {:hat citric end ascorbic
acids suppress the initial accumulation of peroxides which tekes place at "pro=
oxidant" levels of nordihydroguaiuretic acid and tocopherol in autoxidizing larde.
It was also found that ascorbic acid and tocopherol exerted sparing actions on
each other in oxidizing lerd; the tocopherol was not spared at the expense of
ascorbic acide

The wark of Privett amd Quackenbush indicates that synergists suppress the
"pro-oxidant" action of phenolic antioxidantse This "pro-oxidant”" action is a
catalysis of peroxide decomposition stimulated by the entloxidant, particularly
when it is in high concentration. In an autoxidizing fat containing both anti-
oxident and synergist, the entioxidant has two actions. The amtioxidemt term-
inates oxidation chains by reacting with peroxide radicals:

ROOs + AHy—3>- AHe + ROCH
The inhibitor elso catalyzes the decomposition of the peroxides, the ex-

tent of which is dependent upon entioxidant concentration.

Aip

ROOH —= Re + <OCH



The function of the synergist is probably to suppress the antioxidantts catalysis
of peroxide decomposition. By suppressing the catelysis, additionmal chain forme-
tion is prevented, and thus the antioxidant mblecules are spared from their
function in stopping such chains.

The reader who wishes more details on the mechanism of action of antioxie
clanté end their practical evaluation should consult the recent review by
Rienwnschneider.u‘oa

3¢ Quantitetive Determination of the Products of Autoxidation
8e Peroxides

Quentitative determination of peroxides is the most commonly used amalytical
method for following the course of autoxidetion reactionse Many methods have
been described for determining peroxides; these have been discussed coritically

‘by Barnaerd and Hargravem and several of the more importent ones have been
exemined in a statistical menner by Ricciuti, Colemen and Willits.u‘z
i. Iodimetry

Todimetric determination of peroxides is the most popular. The methods
are all based on the assumption that potessium iodide (or other salt) and hy-
driodic acid when brought in contact with fatty peroxides liberate lodine
quantitetively in some simple stoichiometric manner, namely, 2 atoms of 1lib-
erated iodine are equivalent to 1 atom of ective oxygen. |

The peroxide methods of Lea:u"3 end of Wheeleru"h are widely used, but
recent studies show that improvement can be made by exclusion of oxygen from
the reagents and reaction flask end also by excluding light.n‘s’msa Beceuse
of its widespread use, the ilheeler method, with modifications, is described
here.

Modified Wheeler Method.llilts1h58,146 | qyenty mil1iliters of 3 to 2 acetic

acid-chloroform are introduced into a glass=stoppered 250-ml. iodine flask,

A welghed sample is transferred to the flask which is flushed with nitrogen.



Two milliliters of freshly prepared 50% solution of potessium iodide in water
ere added, and the flesk is again flushed quickly with nitrogen. After 15
minutes, 50 ml. of water are added, and the liberated iodine is immedietely
titrated with 0.1N sodium thiosulfates The entire procedure is so arranged
that the contents of the reaction flask are not in contect with any eppreciable
emount of dissolved or atmospheric oxygen at any time until the water is added.

Under these conditions, the liberated lodine rises to & maximum concen=-
tration in less than 15 minutes, and thereafter remeins constant. Peroxide
values obtained with reaction times up to 2 hours ere no different from those
obtained in 15 minutes.

% Peroxide Oxygen = mle of thiosulfate X normelity X 0.008 X 100
wte of sample

ii. Polarography

Polarography has recently been used in the analysis of fat oxidetion
productse Lewis, Quackenbush, and De Vries57’58 found a linear relatiomship
'betweén wave height and peroxide wvalue in the early steges of the oxidation
of fats,

A more detailed exemination of the polarographic behavior of autoxidation
products wes carried out b& Willits, Ricciuti, Knight and Swern.55 These
workers showed that peroxides, hydroperoxides, aldehydes, ketones conjugated
with a double bond end a-diketones could be measured polarographicallys In
particular, they demonstrated that hydroperoxides could be determined quenti-
tatively in the presence of other peroxide 'l:ypes.:u"2

1ii. Miscellaneoué Peroxide Analytical Methods

Ferric Thiocyanate Methode - This method lends itself to colorimetry, but is
‘ 117

subject to comsidereble errors Chapmen and co-workers and Erdmann and

Seeliohu‘ﬂa describe such & method, but the peroxide as determined by this



meens 1is far higher than that found by iodometric methodss Leall found thet
by exclusion of oxygen from the reaction medium the color formation is dime
inished to about one-fourth that obtained in the presence of oxygen, and that
the values were lower than theoreticels The thiocyanate method has its use
in comparative studies where a quick colorimetric method is desired, but it
requires rigid exclusion of air for reproducibility. The wvalues obtained in
the presence of air are proportional to, but higher than lodometric vaiues.
It is more sensitive then the iodometric method end cen be used in lower
ranges of peroxide valuee

Dichlorophenol=Indophenol Method. = This method, introduced by Hartmenn and

Glavindlbg likewise yields high values in the presence of air.lso However,
the values are reproducible and are useful only in comparative studies,

Perhaps the most significent ure of this reagent has been to detect the

presence of peroxides histochemically;lBl

U1

Stannous Chloride Methode = Barnerd and Hé}grave have proposed & modification.

of the stannous chloride method which they believe to be satisfactory. The
method is titrimetric eand requires ab&ht 1 milliequivalent of peroxide‘for
determinationes A weighed sample containing 0«75 to 1.0 meqe of peroxide is
dissolved in ecetic acid (10 ml.) in a 250-ml, Erlenmeyer flask, which is then
evacuated to 20 mm. of mercury and filled with nitrogen. Fifteen milliliters
of 01N stannous chloride solution are added from a pipet, and the flask is
immediately re-evacuated and filled with nitrogen, the latter procedure being
repeated twicee After standing for 1 hour at room temperature, & boiling
solution consisting of 5 mle of stock ferric'solution, 1l gram of ammonium
chloride, and L5 mle water is addeds The mixture is kept et 75°C. for 30
seconds end then rapidly cooled, and 10 ml. of phosphoric acid solution are

addede The ferrous ion is titrated with 0.05N potassium dichromate solution



and 6 drops of indicator solution (0425% solution of diphenyleamine sulfonic
acid in water)e. The end point is a sherp transition from green to violete

Blenk determinations are carried out in & similar manners

% Peroxide Oxygen = (blank - titer) X dichromete normelity X 0,008 X 100
’ wt. of sampls

be Other Oxygen-containing Species

The determinetion of autoxidation products other then peroxides is not
simples 3Zarly investigators in the field failed to realize thet conventionel
fate~sanelytical methods were not necessarily epplicable to autoxidation mixtures.
For this reason much of the early work on autoxidation, particulerly the com-
position of the oxidation mixture, is open to serious question.

A deteiled re-examination of enalyticel methods as epplied to autoxi-
dation systems was published by Knight and Swern,152 and the modified proce-
dures were applied to autoxidizing methyl oleate.152a It was shown thet in
the absence of peroxide and oxirene groups, the enalytical procedures were
reliable. When peroxides were present, as is usually the case, high and variable
velues for carbonyl oxygen were obtained, end the iodine end saponification
numbers were generally unreliables Determinetion of hydroxyl oxygen was inter-
fered with by large proportions of oxirane compounds but apparently not by
peroxides. Determination of acid number and peroxide end oxirane oxygen was
reliable in the presence of all the other functional groups investigated.
Techniques were reported for the accurate determination of functional groups
when peroxide end oxirane groups were oresente Skellon and Feuell152b have
recently described methods for estimating ketonic groups in complex oxidation
productss

Ahlers and McTaggartleLl have devised infrared spectroscopic methods of

enalysis which require only 20 milligrams of sample and the accuracy of each



determination compares fevorebly with that of the corresponding chemical
methode This procedure offers much prbmise in the rapi{d, accurate analysis
of small quanti'éies of autoxidation products.

Lis Miscellaneous Investigations

Acetylenic Compoundse = Although acetylenic fatty acids do occur in natural

oils and these substances are subject to autoxidatlon, very little information
‘has been gained regarding the mechenism of this oxidatione Khen, Deatherage,
and Brown]-oB have made & study of the autoxidatiom of steerolic acid and its
methyl ester in comparison with oxidation of oleatess In contrast to oleates,
stearolic acid end methyl stearolete had mo induction periode The oxidation
begen at its meximum rates The acetylenic compounds ebsorbed oxygen at a
faster rate (LX) then did the oleatese Oxidetion of stearolate was accompanied
by considerable polymerization end the residues conteined a considerable amount
of carbonyl oxygene No diketostearic acid was found, however. Acid and ester
groups were present but only smell emounts ‘of peroxide eand hydroxyl groups
were presente The .vola'hile products of oxidation of stearolate consisted of
water, cerbon dioxide, end other organic productse In the case of methyl
steerolate, water evolved equalled more than 0.8 mol per mole substfate and
carbon dioxide more than O.l mol per mole substrate, The nonaqueous volatile
products of stearolate oxidaetion had & rancid odourvbut gave & negative Kreis
test, whereas the corresponding produét from olecate gave & positive teste
These striking differences between the kinetics end products of oxidetion
strongly indicete a difference between the mechenism of oxidation of oleate

and stearolates Khen, Deatherage and Brcwnme

suggest that Qa-methylene -
attack of acat&lenio compounds is the predominant type of oxidation rather

then addition to the double bond.



A study of the oxidation of matricaria ester (n-decadiene~2 ,8=diyne=l;,6=

oic acid methyl ester) by Holmen and Sprensen!?? indicates that in this con-
jugated system the oxygen addition follows & biphasic curve. Likewise, the
increase in light absorption at 3550 .K jn alkaline solution increases rapidly in-
itially, whereas the increase in abso:;ption at 6000 X corresponds to the second
phese of oxygen addition. The oxidation was accompenied by rapid polymerization
end intense deepening of colore. The mechanism of oxidation of conjugated un-
saturated systems involving triple bonds, such as occur in matricarie ester,
end iseno oil, is probably much different fram that of isolated triple bonds.
It is likely that the mechenism of oxidation of these mixed double and triple
bond conjugated systems is similar to that of conjugated polyenes, for rapid
polymerization occurs during their oxidation. One would expect oxygen to add
to the two types of resonating systems in similer menners.

Phyeical State of Substratese =~ The degree of dispersion of unsaturated sub-

strates has a marked effect upon their oxidation. The spreading of oil films
on porous material cen, and often does, lead to gpontaneous combustion of the
oile Honn, Bezman, and Daubert15h have studied the oxidation of drying oils
adsorbed on the surface of finely divided silica gelss There is & critical
oil/solid ratio which yields a maximum rate of oxygen uptake. The results
were interpreted as indicating the existence of & closely packed monomoleculer
layer of oil on the adsorbent at the oriticai ratio, and that this arrengement
is most favorable for promoting oxidation. At oil concentrations below the
critical oil/solid retio, the oil molecules are separated by distances de-
pendent upon the ratio, and thus the rate of oxidetion depends upon the
everage distance between oil molecules. Above the critical ratio, the oil
molecules form multimolecular films, and the rete of oxidation 1s decreased,

because diffusion of oxygen becomes & limiting factor. This interpretation



was verified by the observation that at the oritieal ratio, the calculated
erea occupied by thet smount of oil as a monolayer neafijf éqﬁalled the area
available on the silica gel surface,

In aqueous colloidel solution, sodium linoleate oxidetion eppears to be
slightly different from oxidation of linoleate esters in bulk. Bergstrbdh,
Blomstrand, and Laurell 155 found that in this system the rate of oxidation
was dependent upon copper ions, that maximum oxygen uptake is 2 moles of oxygen
per mole linoleate, and that the spectral changes were similar to those observed
in oxidizing linoleate esters. 1Isolation of the reaation products es a low
viscosity oil indicated that polymerization had been inhibited, and the sharp
termination of the reaction at 2 moles of oxygen per mole linoleate suggests
that the product of oxidation mey be rather reproducible. The authors pro-
posed that monomeric diperoxides of the structure

~CH~CH=CH=~CH=-CH~
\ /
Q-—=—0 OCH
may be formed by the oxldetion of the primary peroxides This method should
prove useful in preparation' of the prodx_zot of linoleate oxidation which has
2 moles of oxygen per molecule.

Emulsified oils are subject to oxidation, but because of the instebility
and nomreproducibility of emulsions, little work has been dome on fat oxida-
tion in this type of systém, with the exception of enzymatic studies. How-
ever, emulsions are of biological end medical interest. 0il in the dispersed
phase is subject to the same type of oxidation as o0il in bulk, but the presence
of water-soluble catalysts has en influence upon the oxidation. Metallic
.8alts and heemoproteins are of particular importance as catalysts in oxida-
tion of hd.ologicai systemss Much of the catalysis in emimael tissue fats
which has been considered enzymetic is due to oxidation catalyzed by haemoglobin,

myoglobin and catalase.156



Most work on fat oxidation has used liquid systemse Oxidation of solid
fats is much inhibited by the presence of oonsiderable amounts of saturated
fatty ecids whidh act as diluentss On the other heand, oxidetion is sharply
limited by the solid state of matter in which penetration end diffusion of
oxidation is mch reduced.

Restriction of unsaturated fatty acids and esters within the crystal
structure of urea complexes is effective in inhibiting oxidation of these
readily oxidizable substancese The inhibitlion of oxidation in this case
could be either by protection ageinst oxygen penetration, or by prohibition
of chain reaction ss a:consequence of the rigid lattice to which the substrate
1§ restrioted‘157

Oxidation in the geseous phase is extremely rapid, but little is kmown

"of its mechenism. Contact of hot vapors of fatty acids or esters with air

can lead to explosive oxidation.

Irradiation. =~ The oxidation of unseturated acids and esters is stimulated by
various types of irradiation. The absorbed radiant emergy activates substrate
molecules to the energy level necessary for chemical reaction to take place.
Infra-red and visible radiation are samewhat effective, but ultreviolet light,
because of its higher energy content, is far mére effecti;e. X-ray has re-
cently been found to be effective in inducing fat oxidation.

Ultraviolet light has been used successfully by Farmer and Suttonhl to

promote the oxidation of methyl oleate to the hydroperoxides. Su'l:'!;cm)"6

used
the same method for oxidation of methyl elaidate to the hydroperoxides Swift,
Dollear, and 0'Connorh7 were able to oxidize methyl oleate rapidly by ultra-
violet 1light irradiation and to prepare the hydroperoxide in 90% purity.
Bateman and Geel”® have made a thorough kinetic study of the photo-
oxidation process, using cyclohexene, l-methylcyclohexene, 2,6-dimethyl-

2,6-0ctadiene, and ethyl linoleate &s substratess They concluded that



photo-oxidetion proceeds by & chain mechanism in which the generation of free
radicals by light absorption is the chain i'nifﬁtion mechanisme The predom-
izia:;t initiation process is the photolysis of the hydroperoxides. Then
light intensity is fixed end wavélength chosen such that light absorption is
weak, the photooxidation is aut"oéa\talytic, bédause the products formed are
mote strongly light-sbsorbing then the substrate, end their photolysis leads
to additional chain formation.

Photo-oxidation is somewhat modified by the presence of cl'xlo:u'upl'xyllo72’15 °
Khen, Lundberg, Tolberg, and Wheeler159 have studied the chlorophyll-photo-
oxidation of methyl oleate’ and methyl linoleate. the visible light energy
absorbed by the chlorophyll is in some menner transferred to the substrate,
thereby activating the substrate to an energy level sufficient for oxidative
attack to teke places The products of linoleate oxidation have & lower light
absorption in the ultraviolet region characteristic of conjugated dienes,
whereas the products isolated from thermal and plain photo-oxidation are very
si;nilar in light sbsorption. Infra-red studies- of the product suggest the
presence of isolated _t_r_e_ngg_ material in the product, whereas this is not found
in products of plain photo-oxidation. Chlorophyll photp-bxidized linoleate
yielded a peroxide concentrate of high peroxide velue, which after reduction
to the alcohol and chrometographic separation yielded & significant fraction
which wes nonconjugeteds These results suggest that the ll-hydroperoxido-
octadecadiencate can exist end that by some means becomes a significant
product by the actlion of chlorophyll in spite of the greater thermodyneamic
stability of the conjugated isomers.

Meadléo has found in his studies on x-irradiation of linoleate that

the reaction is elso a chain reaction. He has measured the quantum yield |

and found that with increasing concentration, the ionic yield increasess



With inereasing cysteine concentration, the Yonic yield decreases, indicating
protection of linoleate against oxidation by 'suifydryl compounds. Pr'es\}mably
the mechenism of x-rey stinuleted oxidat_';.on of liholéate is the seie as itn
eutoxidaticne The possibZlity also exists thet radiation~initiated chain
. oxidation of unsaturated £at accompanies radiation injury of enimel se
Engzymes. - Lipoxidase is & plent enzyme specific for the oxidation of the ess-
ential fatty acids and their esterse The enzyme has been studied carefully,
and foar detailed information the reader is referred to recent revj.ews.]"56’161"162
Lipoxidase attecks essential fatty dcids, yielding hydroperoxide as &
primary product. The enzymatic oxidation of linoleate is accompanied by the
complete oonjugation of the double bonds and the formatioﬁ of optically active
1622,163a

hydroperoxides.léaa The double bonds are cis, trans and trens, trans.

The enzyme is active in the range from the freezing point of the solution to
somewhat above room~temperature, é.lthough the enzyme is inactivated during its
action at the higher temperatures.

The most plausible reaction mechanism for linoleate oxidation by lipoxidase
involves probable contact bétween the enzyme and each molecule of the substrate.
Tappel, Boyer and Iﬂ.md'lberglé3 also found that the enzyme was cepable of oxi-
dizing entioxidents in the presence of linoleate without the concomittant
oxidetion of linoleate itself. -

The oxidation of polyphenolic anﬁoxidants by lipoxidase plus linoleate
suggests that linoleate may play a role analogous to. a coenzyme or prosthetic
group in the oxidation of polyphenols end other substancese The reported
lipoxidese oxidaetion of emino acids and polyphenols may be by such a mechanism.
If so, the enzyme may be as important in the oxidation of these secondary

substrates as in the direct oxidation of polyunsaturated fatty acidse



Strainlé;b has pointed out thet the direct catalytic formetion of peroxides
in the presence of oxidese occurs only with those compounds cantaining
~CH=CH=(CHp)7-C0» with & cia configuration.

Biological Effects of Autoricized Fats. - The adverse effect of the ingestion

of rancid fat is well known, The subject has been reviewed byVBurr and Barnes16h
and by Quackenbush.165 They concluded from the evidenss et that time that one

of the chief deleteriocus effects of dietary rancid fat is %hs destruction of
vitamins and pe?haps other dietary essentials. On the othor hand, meny symptoms
observed ere not explained in terms of vitamins, and at least for the present it
must be essumed that autoxidized fat has a direct grcw&h4depressing effect

(see below).

Rancid fat in the diet causes tﬁa development of a biotin deficiency
because of the oxidafinn~of blotin which is synthesized in the in.testin.e.l66
This is in agreement with observations thet biotin is inactivated by rancid
fats 32.23232,167 Ascorbic acid may be partially destroyed as a consequence
of its synergistic antioxidant action. Pyridoxine and pantothenic acid have
baéh_fo&nd to relieve acrodynic rats fed rencid fatilés Tocopherol and
:6ar6£éﬁ§ éré eagily oxidized; ?itamin D is subject to oxidation under condi-
tions which preveil iﬁ dietary §feparations.l69 Deficiencies in Vitamin K}17°
Vitemin A,171 and riboflavin,”2 as well as the effect of cortisone,175 are
inteﬁsified by autoxidized fat, Fresh fat, however, exerts a protective
effect on the toxicity of heated and aerated cottonseed oil.;zh

Destruction of Essential Fatty Aoidss - It is of course obvious thet if

rancidity is caused largely by the oxidation of polyunsaturated fatty acidsj
these essential fatty acids are destroyed in the course of the processs Un=-
fortunately, this aspect of rancid fat toxicity has had little attention until

recently. In the study of the ability of rancid fat and oxidized esters to



relieve the symptoms of acrodynia « e deficiency disease caused by removal of
pyridoxine and essenmtial fatty acids from the diet - oxidized methyl linoleate
relieved the symptoms but was not as effective in doing so as fresh esters
Tocopherol did not mprové the response to the rancid preparatiohss Highly
oxidized preparations weré ineffective.'lée

It hes been suggested that one rdle of tocopherol in vivo may be to
provide an antioxidant status for the pfotection of essential fatty acids
(polyunsatureted fatty acids)e To test this hypofhesis tAtten and Holmenl??
attempted to siinulate pro-oxidant status by feeding benzoyl peroxide with the
essential fatty estelr duppleﬁénﬁ; and to simulete entioxident status by feeding
edded tocopherol with the supplementse The conversions of linoleate and lino-
lenate to more highly unsaturated fatty acids by fet deficient rats were used
as an index of essentisl fatty acid utiligation. It had been previously found
thet in rats, linoleate dnduces synthesis of arachidonate and 1inolenate in-
duces synthesis of hexaenoate, with other cross conversions elso taking
place.176 When benzoyl peroxide plus linoleate was fed as a supplement to
fat-deficient rats, growth response was greatest, least when benzoyl peroxide
was fed alonee Fat gynthesis was found to be stimulated by benzoyl peroxide
plus unsaturated estere Benzoyl peroxide plus linoleate led to the formation
of hexaenoic ecid, but other conversions eppeered to be unaffected by either
tocopherol or benzoyl peroxidee Thus, contrary to expectation, the pro-oxidant,
which is toxie when fed alone, proved to be beneficial according to criteria
of growth and fat synthesis.

From the above results it appeared that oxidized essential fatty acids
are involved in scme of the conversions, To explore this question further,

Hc'lxmaun’4 administered to fat deficient rats the following supplements: ethyl

linoleate, partially oxidized ethyl linoleate, ethyl linoleate with dietery



benzoyl peroxide, ethyl linoleate hydrqperoxide, thermally decomposed ethyl
linoleate hydroperoxide, and conjugated ethyl 1inoleatee Fresh linoleate,
oxidized linoleate &nd linoleate plus benzoyl peroxidé all felieved the dermal
symptoms of fat deficiency, reduced the water consumption of the rats, and
stimulated arachidonate synthesise Linoleate peroxide, decomposed peroxide,
and conjugated linoleate were not effective as judged by these criterias Thus
the concentrated products of linoleate oxidation and conjugated linoleate could
not be utilized as essential fatty acide However, fresh linoleate, slightly
oxidized linoleate, and linoleate plus dietary bemzoyl peroxide were curative.
The beneficial effect of feeding the catalyst for autoxidation, benzoyl per=
oxide, plus linoleate together in supplement suggested that a more oxidizable
medium may be better utilized by the animale The influence of pro-oxidant
and entioxident conditions upon essential fatty acid metabolism is still not
clear, and it is ocbvious that much experimental evidence and verification will
be needed before the matter is understoods

Biological Effects of Autoxidatively-Produced Polymers. - There is increasing

evidence that the abnormal nutritionel properties of highly autoxidized fats
are related in part to the polymers which develop during autoxidation. Kaunitz,
Slenetz, Johnson, Knight, Saunders end Swernl77’178 have isolated the polymers
from highly autoxidized cottonseed oil and highly autoxidized lard and have

fed them to ratse Diets containing 20% of autoxidatively=-produced polymeric
residue led to diarrhea and rapid death whereas with only 10% most of the
enimals were gradually able to tolerate ite At the L or 7% level, it was

well tolerated but growth wes reducede There were no distinctive histological
lesions and withdrawal of the polymer permitted immediate realimentation

without evidence of subsequent injuries.



The polymeric residue from autoxidized cottonseed oil exerted & greater
growbh;-dapreésant effect than that from 1ard; - hdaition of f'x?esh fat to the

polymeric residue deoreased the growth-depressant effect. On diets marginal
A
in protein, autoxidatively-producad polymers 1hténs1fied the def:.ciency effect

at polymer levels which haed little or no effect in normel di.ets.l78

Effect of Oxidized Fet on Enzyme Systemse - Bernheim, Wilbur, end Kenastonnea

have recently demonstrated an inhibition of enzyme astlon by fatty acid oxie
detion productse ‘lashed tissue suspensions or mitochondria, when incubated
with escorbic acid, lose enzymatic activity. The decrease in succinoxidase,
oytochrome oxidase, end choline oxidase activities has been found to parallel
the emount of oxidized unsaturated fatty acid as measured by the thiobarbituric
acid tests The enzyme inactivation cen be prevented by quercetin, which in-
hibits oxidation., Oxidized methyl linolenate also inaectivates the enzymese
These observations are of interest particulazfly in the case of cytochrome
oxidese, which is known to be associated with lipid containing some highly
unseturated acidse It may well be that the inhibition is due to the oxidative
destruction of essentieal fatty acids which are a part of the active enzyme

sys’cem;

Qualitative Detection of Oxidation Productse The Kreis Test. - This test haes
been used widely for the assay of oxidativ-e status of oils, but it offers the
disadvantages of being highly empirical. The test as ordinarily used involves
two phase systems or other means of séparation of the active components.
Modification of the test making it suitable for colorimetry ﬁas improved the
me‘!:hod.]‘79 Phloroglucinol has been shown to yield color with epihydrinaldehyde,
malonic dialdehyde, or scrolein treated with Hzoz,leo but the presence of these
compounds has not been demonstrated in oxidized fat, nor do these substances

eppear in the currently accepted mechanism o_f oxidation. Their presence, however,



is not unreasonable as secondary oxidation productse Thus the Kreis test,
although a proven qualitative test for1axid§tion, has been of little theoreti~-
cal value in studies of fat oxidation. It appears that the Kreis te%t detects
substances formed from the decomposition of peroxideés, and represents a
measure of terminal oxidation products. It mey yet prove to be of wvalus in
studies of secondary oxidations and peroxide decomposition.

Thiobarbituric acid Test. - This test has been developed in the past few

years, and eppears to be related to the Kreis teste It was originally used

by Kohn and Liversedge181 who observed that animal tissues, upon aerobic in-
cubation, were able to give a color reaction with thiobarbituric acide Bern=
heim and co»-wbrk:arsisa’la3 have traced this reaction to products of oxidation
of unsaturated fatfy acids, principall& linolenic acide Patton and Kurtzlsh
have studied the reaction involved in the test and applied the test to
detection of oxidation in milk fat, They found that melonic dieldehyde gave

& strong test and thet the thiobarbituric acid test is much more sensitive
than the Kreis tests The latter did not-begin to‘yield‘msasu;able colors
until afber decided oxidized flavors appesared; whereas the thiobarbituric ‘acid
test gave meas;fablé res?onses during;%he ééveiopment of perceptible rancidity.
M;ﬁhyi éle;te hydroperoxide also gives the Eéior reaction.lauB The thio-
barbituric acid test appears, theféfd#e; td:hbid more promise fhan does the
Kreis test. It would be of value in detection of oxidation in its early stages.
Stemm Test. - This test depends upon reaction of oxidized fat with s-diphenyl
carbazide to yield a color,185 It has been correlated with orgenoleptic de~
tection of rancidity and found to give a rather good correlation.186

Dicarbonyl Compounds. = These compounds are supposedly present emong the

products of oxidation of fats, and O'Daniel and Parson5187 heve postulated



that the color developed by oxidized fats in alkali is due to the formation
of ‘quinones from ae=dicarbonyl compounds by double aldol condensatione They
suggested that alkali color is a test for a=dicarboryls. Prill has also

developed a color test involving their c'iio::cf'.mss.]'88 The alkeli color test

186

has been shown to be affected by fat concentration end by time. Never=

theless, the aédioai'bonyl test wes considered the Lest method for assessing
rencidity because the dicarbonyl value of oils is xo: affected by heat treate
ments of the oils:

Alkali Color. ~ Vthen oxidized fats eare dissolved in an alkaline medium, in=

tense orange or red colors are produceds This is the result of production
of chromophores whose principel absorption is in the ultraviolet range. The
color is merely absorption in the visible region by ultraviolet chromophoress.
The alkali color has been studied spectro hotometrically by Holmen, Lundberg
and Burrl89 and it wes concluded that the color was probebly not due to
quinones formed from dicarbonyl in the oxidized fat. Jasperson, Jones and
Loral?0 also concluded that dicarbonyl tests on oxidized fats are fundamentelly
| different from those on modél compoundse Present opinion is that the color
is due to conden’sation of unsaturated cé;rbonyl compoundss Chipault and Lund-
berglgl have found that the alkali color is due to two reactions, omne which
is instantaneous, and one which continues over long periods.

Hendrickson, Cox, and Konen]'92 used spectral study of the elkali color
in assessing the oxidative changes taking place in film formation. Chipault
and Lv.mc.iberggg’19]‘’]'93 likewise used this color formation in describing the
chemical chenges during film formation from pure triglycerides, pentaerythritol
esters, and alkyds prepared from known pure fatty acids.

It would eppear that the a~dicarbonyl colar reactions, based upon sketchy

knowledge, however, do possess inerit for essessing oxidation of fats. It is



to be hoped that e better understanding of their chemistry will lead to more
effective use.

Ultraviolet Absorption. - Oxidation of polyunsaturetsd fatty acids is accom-

penied by increased ultraviolet ebsorptions The megnitude of change is not
easily related to degree of oxidation because the offacts upon the various
unsaturated acids are different in quality and magnitude.lgh However, the
spectral change for a given substance can be used #c a relative measure of
oxidation, end probably has its best applicetion in the detection of oxidetion
rather than its measuremente The examination of ultraviolet spectrum is a
repid end sure method for assessing the purity and freshness of unsaturated
fatty materialse The higher the absorption, the greater has been the exposure
to oxygen.

195

Infrared Analysis. - Henick has epplied inffared enalysis to the detection

of oxidation products in milk fat. Spectrel changes were detected before off
flavors developed, and both loss of flevor and development of off flavors were
correlated with definite absorption bands. Dugan, Beadle and Henick195®

studied autoxidized methyl linoleate in the hydroxyl and- carbonyl regions,

They assigned the 3L30=3445 cme™1 region to the -00H group, Homn, Bezmen and
Daubert195b end Crecelius, Kegerise and Alexander195¢ employed infrared to
follow the autoxidation of linseed oils Sfudy of the fats is extremely camplice-
ted spectrallys

Classification of Oxidation Reactions on & Temperature Basise = The effect of

temperature on the oxidation mechanism end the products of oxidetion of wmsat-
urated fats or fatty acids is such that for practical purposes three temperature
ranges are readily distinguished and meny investigetions have been confined

to one or another of these rangese. These temperature ranges are gemerally:



(1) atmospheric temperature or 0=L0°%C. (22-10L°F.); (2) 60=120°C. (1L,0=2LE°F4);
(3) 200-300°C. (3924572%F:)s leny of the oxidation resctions imvolved in the
rancidification of fats occur at the lowest temperature mentioneds Blown oils,
used in the drying oil ladustry, are generally prepared at temperatures between
60° and 120°C., end it is in this temperature range that most of the investi-
gations on accelerated fat deterioration are conduccsde The highest tempera-
tures are employed in the manufacture of boiled oils. stend oils, and related
polymerized fat productse

Atherton and Hilditch196 measured chenges in iodine velue in methyl oleate
and concluded that at 20° oxygen reccted with the methylenic group to farm
hydroperoxides, end also with the olefinic 1inkage; At 120° the reaction
appeared to ocour exclusively at the olefinic linkege end to be followed by
secondary reactions at other points. Paxquo*l:l97 concluded that at 20° hydro-
veroxide formation predominated while at 120° a moloxide was formed.

From a study of the oxidation of elaidic acid and its esters, 'Skellon
end 'I‘hrurston198 concluded that at 55° and 85° thp oxidation reaction is marked
- by en induction period and thet chemical changes at these temperatures are
slighte At 120° the induction period ijs said to be absent and carbonyl cam-
pounds, carbon dioxide and polymers are formeds

The oxidation products of triglycerides have also been classified in this
mennere In a recent pa.per199 the products of the oxidation of fatty oils are
reported to fall into four groups that pass into each other with considerable
overlappings The euthor classified the products on the basis of termerature

and the products of the oxidation at any temperature are sald to be a mixture

of all typeses

A difference in chemicel nature smong the oxidation products of lerd

formed at different temperatures has been demonstrated by Lewls and Quacken'bush57



by the use of polarograephic analysise.

The effects that differences in reaction temperesture exert on the in-
duction period emd oxypolymerization of raw linseed oil have been investigated
by Hess\and O'Hara.aoo They found three distinct temperature regions, each
characterized by different types of oxidative changess The regions are:
ebove 130°, between 8 and 130°, and below 84° Temperature was found to
have an effect on the induction period end on the peruxide values of the oil.
Ultraviolet absorption enalyses indicated that the formation of conjugated
diene systems reached a maximum and that et temperatures between 8L° and 200°
the diene configuration was never appreciably greater than 5 per cemt. Higher
values were obtained at lower temperatures, In addition, these investigators
proposed e chelate~type of intermediate in autoxidetively produced polymeriza-
tlon.

This classification of oxidetion reasctions on the basis of the tempera-
ture at which they take place should be of interest to .all concerned with the
processing of fats and oils.

Ricinoleic Acid and Methyl Ricinoleates =~ E111320l obtained unsaturated ketones

from the autoxidation products of ricinoleic acid and showed that there is

considerable polymerization at high temperatures. Autoxidation of methyl

10

ricinoleate”  with uranyl ricinoleate as catalyst gave typical oxygen absorption

curves at 55°, 85° and 120°, At 85° rapid peroxidation occurred with little
change in iodine number, suggesting addition of oxygen to the molecule without
affecting the unsaturation. At later stages, the ﬁeroxide and iodine numbers
decreased together.

202

Erucic and Brassidic Acidse = Skellon end Teylor have recently described

the autoxidation of erucic acid and of methyl amd propyl erucates at 55°, 85°

and 120°, Chenges in the observed active oxygen content followed the usual



course, but the percentage of active oxygen was highest in the autoxidized
propyl ester. The influence of alkyl groups was markeds The oxidation products
consisted of small percentages of epoxides and cleavege products,‘ketohydroxy,
dihydroxy, emd aldehydo derivatives, together with oily complex productss Un-
saturated keto derivatives were not conclusively identifled.

The autoxidetion of brassidic acid et 73° end 120° has also been studied.2°3
In contrast to erucic acid, monoperoxy acids were not isoléted from the autoxi-
dation productse After saponification, dihydroxybeheanic ecid (8%) end en oily
nmonomer (72%) were recovered. The latter may be either acyloin or an unsat-
urated ketonic derivativee

These results are qualitatively similar to thése reported earlier by Dorée
and Pepper,goh who employed cobalt erucate es catalyst in most of their worke.
Yields of epoxides were as high as 15%.

10-Hendecenoic Acide = The autoxidation of lOe~hendecenoic acid or its methyl

ester at 80° yields some sebacic acid, 10jyll=dihydroxyhendecenoie acid and
polymer.205 The polymer may arise from aldol condensation of oxidation pro-

ducts containing carbonyl groupse.
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